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Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 


I.  INTRODUCTION 

The  hotuhnum  neurotoxins  (BoNTs)*  comprise  a  family  of  seven  distinct  neurotoxic  proteins  (A-G) 
produced  by  immunologically  discrete  strains  of  the  anaerobic  bacterium  Clostridium  botulinum  and 
in  rare  cases  by  Clostridium  baratii  and  Clostridium  butyricum  (Habermann  and  Dreyer  1986- 
Harvey  et  al.,  200.;  Simpson,  2004).  These  toxins  act  on  peripheral  cholinergic  synapses  to  inhibit 
spontaneous  and  impulse-dependent  release  of  acetylcholine  (ACh)  (Brooks,  1956;  Kao  et  al.  1976) 
Intoxication  by  BoNT  results  in  muscle  weakness,  which  can  be  fatal  when  the  diaphragm  and 

1  QtJvt?  rUn?S  I0™  SUffiClently  comPromised  to  impair  ventilation  (Dickson  and  Shevky, 

.  BoNTs  are  the  most  potent  substances  in  nature,  and  exposure  to  as  little  as  1-3  ng/kg  may 
be  sufficient  to  cause  human  lethality  (Gill,  1982;  Middlebrook  and  Franz,  1997;  Amon  et  al.,  2005 » 

nf  r^tT086  0f  thlsuc,haPter  ,s  t0  use  ^  ins>ghts  gained  in  our  understanding  of  the  mechanism 
oNT  action  to  establish  a  conceptual  framework  within  which  to  develop  effective  treatment 
s  rategies  for  intoxication.  The  chapter  is  organized  into  three  major  topics:  (1)  an  overview  of 
oNT  action,  (2)  a  description  of  the  manifestations  of  botulism,  and  (3)  an  evaluation  of 
convenuonal  and  emergent  treatment  options.  From  the  first  description  of  botulism  in  1793  until 
the  mid  1950s,  BoNT  was  primarily  viewed  as  a  public  health  problem  because  of  its  association 
wi  h  food  poisoning  (Gill,  1982;  Hatheway,  1988;  Shapiro  et  al.,  1998).  Although  implicated  in 
only  a  small  fraction  of  foodbome  illnesses  «0. 1  %),  the  severity  of  the  clinical  syndrome  produced 
by  BoNT  and  die  potential  for  numerous  casualties  led  each  outbreak  to  be  considered  as  a  potential 
health  crisis  (Hatheway,  1988;  Smith  and  Sugiyama,  1988;  Snydman,  1989;  Shapiro  et  al.,  1998) 
Due  to  its  selective  targeting  of  peripheral  cholinergic  synapses,  BoNT  has  also  been  used  as  a  tool 
to  study  cholinergic  pathways,  especially  to  explore  the  influence  of  synaptic  inactivity  and  ACh 

Thesllff  etT  199Q)6  fUnCtl°n  (Drachman  and  Johnston>  1975;  Kao  et  al.,  1976;  Thesleff,  1989; 

During  World  War  II,  BoNT  was  developed  as  a  biological  weapon,  because  of  its  potential  to 
create  mass  casualties  on  the  battlefield  (Franz,  1997;  Grace,  2003).  The  battlefield  use  of  BoNT  is 
now  viewed  as  less  likely  following  adoption  of  the  1972  Biological  and  Toxin  Weapons  Conven- 
on  and  the  dissolution  of  the  Soviet  Union.  However,  the  Iraqi  stockpiling  of  BoNT  before  the 
ersian  Gulf  War  of  1991  reveals  the  ability  of  a  determined  nation  to  acquire  biological  weapons  in 
relative  secrecy  (Shoham,  2000;  Amon  et  al.,  2001).  P 

With  the  rise  of  global  terrorism,  exemplified  by  organizations  such  as  the  Japanese  Aum 
Shinnkyo  cult  and  al  Qaeda,  the  potential  use  of  BoNT  as  a  bioteirorist  weapon  has  become  a  more 

(uranZ  199?:  Middlebrook  311(1  Franz,  1997;  Amon  et  al.,  2001;  Grace, 
J)03).  BoNT  is  well  suited  for  this  role  because  of  its  extraordinary  lethality,  capacity  to  elicit  panic 
and  potential  to  disrupt  the  public  health  system  (Atlas,  1998).  Additional  attributes  of  BoNT 

tAmon  ayailablllty;  low  cost’  and  ease  of  production,  transport,  and  concealment 

(Amon  et  al.,  2001).  These  considerations  have  led  BoNT  to  be  classified  as  a  Category  A  biothreat 
agent  by  the  Centers  for  Disease  Control  and  Prevention  (CDC)  (Lohenry  and  Foulke,  2006) 
Bioterronst  attacks  are  generally  thought  to  involve  dispersal  of  BoNT  as  an  aerosol,  but  the  toxin 
can  also  be  used  to  contaminate  the  food  supply  (Wein  and  Liu,  2005). 

Systematic  research  on  the  mechanism  of  action  of  BoNT  began  with  Emile  Pierre  van 
Emiengem  s  histone  isolation  and  characterization  of  C.  botulinum  following  a  large  outbreak  in 
Ellezelles,  Belgium,  in  1895  and  has  continued  with  increasing  interest  and  enthusiasm  to  the 
present  time  (Simpson,  2004;  Grumelli  et  al.,  2005;  Rossetto  et  al.,  2006;  Singh,  2006).  Early  work 
on  BoNT  intoxication  revealed  the  existence  of  multiple  serotypes,  localized  the  site  of  action  to 
peripheral  cholinergic  synapses,  proposed  the  mechanism  of  impaired  ACh  release,  and  ruled  out 
nonchohnergic,  sensory,  and  central  nervous  system  (CNS)  involvement  (Dickson  and  Shevky, 


In  this  chapter,  BoNT  is  used  to  designate  both  pure  botulinum  neurotoxin  as  well  as  the  neurotoxin  complex  Some 
authors  prefer  the  designation  of  BoTx  for  the  latter.  P  S 
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1923;  Guyton  and  MacDonald,  1947;  Burgen  et  al.,  1949;  Ambache,  1951;  Brooks,  1956).  Most  of 
these  findings  were  established  by  the  mid-1950s  and  refined  during  the  next  three  decades  (Lundh 
et  al.,  1977;  Simpson,  1981;  Thesleff,  1989). 

The  remarkable  specificity  for  peripheral  cholinergic  synapses  and  long  duration  of  action  led  to 
the  use  of  BoNT/A  for  a  growing  number  of  focal  dystonias  and  movement  disorders  following  its 
approval  in  1989  as  an  "orphan  drug”  by  the  U.S.  Food  and  Drug  Administration  (FDA)  for  the 
treatment  of  strabismus,  blepharospasm,  and  hemifacial  spasm  (Jankovic  and  Brin,  1997;  Schantz 
and  Johnson,  1997).  The  attributes  that  render  BoNT  a  deadly  poison  also  make  the  neurotoxin  an 
ideal  therapeutic  agent  to  treat  diseases  of  muscle  hyperactivity.  In  addition  to  its  original  indica¬ 
tions,  BoNTs  are  also  used  for  treatment  of  spasticity  following  brain  and  spinal  cord  injuries, 
stroke,  multiple  sclerosis,  cerebral  palsy,  and  numerous  other  disorders.  Expansion  and  refinement 
in  its  clinical  use  constitute  the  most  active  focus  of  current  BoNT  research,  and  a  number  of 
excellent  reviews  have  been  published  (Jankovic  and  Brin,  1997;  Schantz  and  Johnson,  1997, 
Tugnoli  et  al.,  1997;  Johnson,  1999;  Aoki,  2002;  Charles,  2004;  Chaddock  and  Marks,  2006; 

Eleopra  et  al.,  2006;  Dutton  and  Fowler,  2007). 

In  addition  to  discovering  additional  indications  for  the  native  neurotoxin,  a  promising  new 
approach  has  been  to  alter  the  BoNT  binding  domain  to  retarget  the  modified  toxins  to  noncholi- 
nergic  sites.  Notable  examples  include  a  novel  conjugate  of  BoNT/A,  whose  binding  domain  was 
replaced  by  Erythrina  cristagalli  lectin  for  targeting  to  pain  fibers  (Chaddock  et  al.,  2004),  and  a 
modified  BoNT/Cl  in  which  the  binding  domain  was  replaced  by  epidermal  growth  factor  for 
targeting  to  epithelial  cells  to  inhibit  excess  mucus  secretion  (Foster  et  al.,  2006).  The  former  has 
potential  for  relief  of  chronic  pain,  whereas  the  latter  may  be  useful  for  treatment  of  asthma  and 
chronic  obstructive  pulmonary  disease. 

During  the  last  two  decades,  enormous  progress  has  been  made  in  understanding  the  action  of 
BoNT  at  the  molecular  level.  This  was  spurred  by  a  number  of  crucial  developments:  (1)  elucidation 
of  the  amino  acid  sequence  leading  to  recognition  of  the  zinc-binding  motif  (Jongeneel  et  al.,  1989), 
(2)  demonstration  of  zinc  metalloprotease  activity  with  identification  of  substrates  and  cleavage  sites 
(Schiavo  et  al.,  1992a,  1992b,  1993,  1994;  Blasi  et  al.,  1993a,  1993b;  Montecucco  et  al.,  1994; 
Yamasaki  et  al.,  1994),  (3)  solution  of  the  crystal  structure  for  BoNT  beginning  with  serotypes 
A  and  B  (Lacy  et  al.,  1998;  Swaminathan  and  Eswaramoorthy,  2000),  and  (4)  elucidation  of  the 
protein  receptor  for  BoNT/B,  BoNT/G,  and  BoNT/A  (Nishiki  et  al.,  1994;  Dong  et  al.,  2003, 2006; 
Rummel  et  al.,  2004,  2007;  Chai  et  al.,  2006;  Jin  et  al.,  2006).  These  developments  provided  a 
detailed  understanding  of  the  mechanisms  of  actions  of  BoNT  and  opened  the  possibility  for  rational 
studies  of  pharmacological  antagonists  for  BoNT  toxicity. 


A.  Characteristics  of  BoNT  Intoxication 

The  typical  manifestation  of  botulism  is  a  flaccid  paralysis  that  is  bilateral  and  descending, 
involving  skeletal  muscle  and  structures  innervated  by  autonomic  ganglia  (Habermann  and  Dreyer, 
1986;  Smith  and  Sugiyama,  1988;  Merz  et  al.,  2003).  Human  intoxication  is  caused  by  serotypes  A, 

B,  E,  and,  to  a  much  lesser  extent,  F,  and  is  generally  manifested  as  foodbome,  wound,  and 
intestinal  (infant)  botulism  (Simpson,  1981).  Wound  and  infant  botulism  are  usually  mediated  by 
serotypes  A  and  B  (Pickett  et  al.,  1976;  Amon,  1995).  Two  additional  forms  of  botulism  have  been 
observed  that  do  not  occur  in  nature:  inhalation  botulism  and  iatrogenic  botulism.  The  former  is  so 
rare  in  humans  that  only  one  occurrence,  a  laboratory  accident,  has  ever  been  reported  (Holzer, 
1962)  An  outbreak  of  inhalation  botulism  would  be  suspected  as  a  terrorist  incident  unless  other 
causes  were  found  (Amon  et  al.,  2001;  Park  and  Simpson,  2003;  Adler,  2006).  Iatrogenic  botulism 
stems  from  overdose  of  clinically  or  cosmetically  used  BoNT  (Klein,  2004).  A  recent  case  in  w  hich 
four  individuals  were  injected  with  multiple  lethal  doses  of  a  nonapproved  preparation  of  BoNT/A 
during  a  cosmetic  procedure  illustrates  the  potential  hazard  of  this  otherwise  safe  use  of  BoNT 
(Chertow  et  al.,  2006;  Souayah  et  al.,  2006). 
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C.  botuhnum  spores  are  widely  distributed  in  soils,  sea  sediments,  decaying  vegetation  animal 

arauTreer^  rS/WagC  1978)'  ^  inteStinal  tracts  of  birds’  mammals,  and  fish  may  also 

acquire  C.  botuhnum  as  a  transient  member  of  their  intestinal  flora.  The  hosts  do  not  exhibit 

botuhsm  since  growth  of  these  anaerobic  bacteria  is  suppressed  when  there  is  competition  from 
other  organisms  and  a  functional  immune  system  (Smith,  1978;  Smith  and  Sugiyama,  1988* 

their  H-311  •  •  ’  7  resIstance  of  cl°stndial  sP°res  t0  harsh  environmental  conditions  enables 

their  dissemination  by  air  currents  and  dust  particles,  leading  to  surface  contamination  of  exposed 

food  products  (Stinger  et  al.,  2005).  Botulism  is  not  contagious,  however,  and  contact  with  spores 

trjT  "I  I  1  t0  diSCaSe  CXCePt  "  y°Ung  infantS  UndCr  1  *ear  in  a^  botlm)! 
n  adults  with  altered  gastrointestinal  (GI)  anatomy  and  microflora  (adult  intestinal  botulism)  or 

folbwmg  germination  m  rounds  (wound  botulism)  (Mershon  and  Dowell,  1973;  MacKen/ie  et’al 
1982;  Amon,  1995;  Shapiro  et  al.,  1998). 


B.  Symptomology 

The  clinical  syndrome  of  botulism  reflects  toxin-induced  blockade  of  ACh  release  from  neuromus- 
cul^  and  neuroeffector  junctions  (Burgen  et  al.,  1949;  Ambache,  1951).  The  basic  syndrome  of 
oNT  intoxication  is  similar  for  foodbome,  intestinal,  and  wound  botulism  and  does  not  vary 

dkmrha'n?  "*7??  (S°bCl’  ^  The  earliest  symPtoms  «««>*  include  visual 

disturbances  (diplopia,  blurred  vision)  and  xerostomia  (Hughes  and  Tacket,  1983).  With  low-level 

exposure,  these  symptoms  may  gradually  resolve,  even  in  the  absence  of  medical  intervention.  In 

more  severe  cases,  the  initial  symptoms  are  followed  by  dysphasia,  dysphonia,  and  dysarthria, 

t  f  hlgh  SUSCept'blllty  of  cranial  efferent  terminals  to  BoNT  action  (Shapiro 

et  al..  1 998).  A  descending  generalized  skeletal  muscle  weakness  may  then  develop,  progressing  from 

the  upper  to  the  lower  extremities.  Involvement  of  the  diaphragm  and  intercostal  muscles  can  lead  to 
ventilatory  failure  and  death,  unless  appropriate  supportive  care  is  provided  (Cherington,  1998 
obmson  and  Nahata,  2003;  Sobel,  2005).  Although  motor  function  is  severely  impaired,  there  is 
little  or  no  sensory  alteration  or  CNS  involvement  in  botulinum  intoxication  (Simpson  1981). 

Symptoms  are  usually  observed  12-36  h  after  exposure,  although  onset  times  as  short  as  4  h  or 
as  long  as  8  days  have  been  reported  (Robinson  and  Nahata,  2003;  Sobel,  2005).  The  preponderance 
of  symptoms,  including  the  potentially  lethal  respiratory  collapse,  stems  from  inhibition  of  neuro¬ 
muscular  transmission  (Burgen  et  al.,  1949;  Brooks,  1956;  Kao  et  al.,  1976;  Simpson,  1981). 
arasympathetic  dysfunction  is  responsible  for  blurred  vision,  xerostomia,  constipation,  and  urinary 
retention  (Ambache,  1951;  MacKenzie  et  al.,  1982;  Merz  et  al.,  2003). 


C.  Functional  Domains  of  BoNT 

The  BoNTs  are  synthesized  as  -150  kDa  single-chain  protoxins  (range,  140-167  kDa).  They  are 
proteolytically  activated  (nicked)  to  form  dichain  molecules  consisting  of  a  -50  kDa  light  chain 

~1°°1kDa  heavy  chain  (HC>  (DasGupta  and  Sugiyama,  1972;  Bandyopadhyay  et  al., 
1987)  The  two  chains  are  coupled  by  a  single  disulfide  bond  and  by  noncovalent  forces.  In  their 
natural  state,  BoNTs  exist  as  complexes  consisting  of  -150  kDa  neurotoxin  associated  with  a 
group  of  nontoxic  proteins.  The  latter  are  designated  as  neurotoxin-associated  proteins  (NAPs) 
some  of  which  possess  hemagglutinin  activity  (Sakaguchi,  1982;  Sharma  et  al.  2006)  NAPs 
associate  with  BoNT  m  the  bacterial  culture  medium  by  noncovalent  interactions  and  protect  the 
neurotoxin  from  proteolytic  and  low  pH-mediated  inactivation.  They  have  also  been  suggested  to 
facihrate  absoiptmn  of  BoNT  from  the  GI  tract  into  the  bloodstream  (Sharma  and  Singh,  1998)  The 
ability  of  BoNT  to  manifest  oral  toxicity  has  generally  been  attributed  to  the  presence  of  these 
proteins;  conversely,  the  inability  of  the  related  tetanus  neurotoxin  (TeNT)  to  produce  foodbome 
mtoxreation  has  been  ascribed  to  the  absence  of  such  NAPs  (Singh  et  al.,  1995).  Maksymowych 
et  al.  (1999)  have  raised  some  questions  on  the  importance  of  NAPs  in  BoNT  toxicity,  especially 
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with  regard  to  their  role  in  transcytosis  of  the  neurotoxin.  These  investigators  demonstrated  that  pure 
BoNT/A  lacking  NAPs  was  still  toxic  to  mice  following  intragastric  administration,  although  to  a 
lesser  extent  than  the  toxin  complex.  When  examined  at  elevated  concentrations,  the  differences  in 
efficacy  between  pure  and  NAP-containing  neurotoxin  were  progressively  reduced.  These  results 
indicate  that  pure  neurotoxin  does  not  require  accessory  proteins  for  absorption  from  the  GI  tract. 
Moreover,  even  though  the  NAPs  are  clearly  protective,  sufficient  pure  neurotoxin  can  survive  the 
inhospitable  environment  of  the  GI  tract  to  produce  lethality. 

In  conformity  with  the  sequential  processing  of  bacterial  protein  toxins  such  as  diphtheria  or 
cholera  toxin,  the  action  of  BoNT  involves  multiple  discrete  steps:  binding  to  surface  receptors, 
internalization  via  receptor  mediated  endocytosis,  and  translocation  from  endosome  to  cytosol.  For 
BONT,  the  final  step  is  cleavage  of  soluble  N-ethylmaleimide-sensitive  fusion  protein  attachment 
protein’ receptors  (SNAREs)  in  the  cytosol  (Simpson,  1981,  2004;  Montecucco  et  al„  1994).  Binding 
and  translocation  are  mediated  by  the  C-  and  N-terminal  domains  of  the  BoNT  HC,  respectively 
(Daniels-Holgate  and  Dolly,  1996;  Koriazova  and  Montal,  2003;  Simpson,  2004;  Fisher  and  Montal, 
2006).  The  LC  has  zinc  metalloprotease  activity,  targeted  to  one  of  the  three  SNARE  proteins  (SNAP- 
25,  synaptobrevin,  or  syntaxin)  that  are  required  for  the  docking  and  fusion  of  synaptic  vesicles  with 
active  zones  at  the  cytoplasmic  surface  of  the  nerve  termmal  (Schiavo  et  al.,  1992a;  Montecucco  and 
Schiavo,  1993;  Montecucco  et  al.,  1994;  Schiavo  et  al.,  2000). 

Serotypes  B,  D,  F,  and  G  cleave  different  sites  on  the  synaptic  vesicle  protein,  synaptobrevin 
(VAMP),  whereas  serotypes  A  and  E  cleave  the  presynaptic  membrane-associated  protein  SNAP-25 
(Schiavo  et  al.,  2000;  Simpson,  2004).  Serotype  Cl  is  unique  in  that  it  cleaves  two  cytoplasmic 
proteins,  syntaxin  and  SNAP-25  (Williamson  et  al.,  1996).  Interaction  of  these  SNAREs  on  the 
surface  of  synaptic  vesicles  and  active  zone  membranes  is  required  for  voltage-  and  Ca  -dependent 
release  of  neurotransmitter;  cleavage  by  BoNT  inhibits  this  process,  leading  to  muscle  weakness  and 
paralysis  (Sutton  et  al.,  1998;  Schiavo  et  al.,  2000).  Cleavage  of  SNARE  proteins  appears  to  be 
sufficient  to  account  for  all  actions  of  the  BoNTs,  and  the  SNARE  hypothesis  has  received  near 
universal  acceptance  since  its  introduction  in  the  early  1990s. 

For  each  BoNT  serotype,  the  dichain  form  constitutes  the  active  configuration  of  the  neurotoxin; 
the  isolated  LC  and  HC  are  devoid  of  systemic  toxicity.  The  absence  of  toxicity  is  consistent  with 
findings  that  the  LC  cannot  gain  access  to  the  cytosol  unless  it  is  coupled  to  the  HC  and  that  the  HC 
lacks  the  ability  to  inhibit  neurotransmitter  release  (Stecher  et  al.,  1989;  Goodnough  et  al.,  2002). 
The  isolated  LC  does,  however,  remain  enzymatically  active  as  evidenced  by  its  ability  to  inhibit 
exocytosis  from  permeabilized  chromaffin  cells  (Stecher  et  al.,  1989),  by  its  ability  to  cleave 
SNARE  proteins  in  cell-free  assays  (Adler  et  al.,  1998),  and  by  its  capacity  to  inhibit  ACh  release 
in  skeletal  muscle  when  delivered  by  liposomes  (de  Paiva  and  Dolly,  1990).  It  is  not  clear  whether 
any  portion  of  the  HC  is  translocated  along  with  the  LC,  and  if  so,  whether  it  exerts  a  role  in 
enhancing  the  catalytic  activity  or  stability  of  the  LC. 

All  BoNT  serotypes  suppress  ACh  release,  show  high  specificity  for  cholinergic  synapses,  and 
share  the  same  overall  mode  of  action;  they  differ,  however,  in  potency  and  in  duration  of  action. 
Type  A  neurotoxin  exhibits  the  highest  potency  (Gill,  1982),  and  types  A  and  Cl  produce  the 
longest  intoxication  times  (Eleopra  et  al.,  1998;  Keller  et  al.,  1999;  Adler  et  al.,  2001;  Keller  and 
Neale,  2001;  Foran  et  al.,  2003;  Keller,  2006).  Other  differences  include  targeting  of  different 
functional  surface  receptors  on  the  motor  nerve  terminal  (Black  and  Dolly,  1986;  Montecucco, 
1986;  Daniels-Holgate  and  Dolly,  1996;  Rummel  et  al.,  2007),  and  cleaving  unique  peptide  bonds  in 
the  appropriate  SNARE  proteins  (Schiavo  et  al.,  2000;  Simpson,  2004;  Rossetto  et  al.,  2006). 


II.  MANIFESTATIONS  OF  BOTULISM 

Botulinum  intoxication  generally  results  from  ingestion  of  preformed  toxin  elaborated  in  contam¬ 
inated  foods  (foodbome)  or  from  colonization  by  C.  botulinum  of  deep  wounds  with  subsequent 
production  of  toxin  (wound  botulism)  (Mershon  and  Dowell,  1973;  Snydman,  1989).  A  third  form. 
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“tsHSH^ere^rT’  “t  °bserVed.in  ^  infants  (infant  botulism),  or  less  commonly 
in  adults  wnh  altered  GI  anatomy  or  rmcroflora  (adult  intestinal  botulism),  and  originates  from 

nation  of  the  large  intestine  by  C.  botulinum  with  subsequent  production  and  absorption  of 
toxin  (Pickett  et  al.,  1976;  Amon,  1995).  Two  additional  forms  of  botulism  are  iatrogenic  botulism 
from  accidental  overdoses  following  clinical  or  cosmetic  procedures  (Klein,  2004),  and  inhalation 
botulism  (Franz  et  al.,  1993). 


A.  Foodborne  Botulism 

Elaboration  of  BoNT  in  foods  requires  contact  with  C.  botulinum  spores  under  conditions  that  allow 
bacterial  cell  proliferation  and  toxin  production.  These  consist  of  an  anaerobic  environment 
temperatures  between  4°C  and  40°C,  pH  above  4.6,  water  activity  greater  than  0.94  «10% 
NaCl),  and  lack  of  adequate  preservatives  (Baird-Parker  and  Freame,  1967;  Stinger  et  al.  2005). 
The  requirements  for  growth  of  C.  botulinum  are  stringent,  especially  anaerobiosis,  making  out- 
breaks  relatively  rare;  nevertheless,  episodes  of  foodborne  botulism  constitute  a  persistent  public 
health  threat  (Sobel  et  al.,  2004).  In  fact,  food-related  botulism  outbreaks  in  the  United  States 
have  shown  no  significant  reduction  during  the  past  century,  with  an  average  of  approximately 
24  cases/year  (Shapiro  et  al.,  1998).  y 

The  primary  vehicle  for  foodborne  botulism  presently  and  during  most  of  the  twentieth  centurv 
has  been  improperly  prepared  home-preserved  food  products,  often  involving  vegetables  with  a  low 
acid  content  (Smith  and  Sugiyama,  1988;  Snydman,  1989).  Other  sources  are  food  consumed  in 
restaurants  that  use  unsafe  procedures  and  contaminated  commercially  canned  food  products;  the 
latter  has  become  rare  since  the  introduction  of  modem  methods  (O’Mahoney  et  al  1990)  Data 
compiled  for  foodborne  botulism  during  the  decade  1990-2000  in  the  United  States  indicate  that 
serotype  A  was  responsible  for  50%  of  all  cases,  whereas  serotypes  B  and  E  accounted  for  10%  and 
I,./’ rerSTpect,ve'y’  of  mtoxications  in  which  serotype  involvement  was  established  (Sobel  et  al. 

).  Human  foodborne  intoxication  by  BoNT/F  is  exceedingly  rare;  between  1981  and  200° 
only  a  single  case  was  reported  to  the  CDC  (Gupta  et  al.,  2005). 

Although  the  number  of  outbreaks  has  been  relatively  constant,  the  case  to  fatality  ratio  has 
improved  markedly.  From  1899  to  1950,  foodborne  botulism  was  associated  with  60%  mortality 
from  to  1996,  the  average  annual  mortality  fell  to  15.5%  (Shapiro  et  al.,  1998),  and  decreased 
to  4%  dunng  the  last  decade  (Sobel  et  al.,  2004).  These  advances  in  survival  have  come  primarily 
from  improvements  in  critical  care  (Tacket  et  al.,  1984;  Sobel  et  al.,  2004).  Further  reductions  in 
morbidity  and  mortality  from  botulinum  intoxication  will  require  better  methods  for  detection  and 

31°!,S  ,°f  BoNT  outbreaks  and  availability  of  specific  pharmacological  treatments  (Franz  et  al 
1997;  Dickerson  and  Janda,  2006). 

Perhaps  the  largest  outbreak  of  foodborne  botulism  recorded  to  date  occurred  in  Nan  Province 
Thailand  during  14-18  March  2006  (Ungchusak  et  al.,  2007).  The  outbreak  was  traced  to  con¬ 
sumption  of  contaminated  home-canned  bamboo  shoots  served  at  a  religious  festival.  The  successful 
handling  of  this  outbreak  by  the  Thai  Ministry  of  Public  Health  has  implications  for  the  appropriate 
management  of  a  small  scale  biotetTorism  attack  involving  deliberate  contamination  of  the  food 
suprfiy  or  an  aerosol  attack.  A  total  of  209  people  exhibited  signs  and  symptoms  of  botulism, 
with  abdominal  pain,  diy  mouth,  and  nausea  being  the  most  frequently  reported;  134  villagers 
required  hospitalization  and  42  required  mechanical  ventilation.  Botulism  was  suspected  as  soon  as 
more  specific  signs  such  as  bulbar  muscle  paralysis  were  observed,  especially  when  coupled 
with  respiratory  depression.  Due  to  familiarity  with  botulism  in  Thailand,  the  correct  diagnosis 
was  reached,  and  emergency  procedures  were  implemented  promptly,  which  allowed  all  patients  to 
survive  the  outbreak.  After  initial  triage,  patients  were  flown  to  hospitals  that  had  adequate 
emergency  care  facilities,  including  ventilators.  In  countries  where  botulism  outbreaks  are  less 
3en‘;  hCa  th  CarC  personnel  305  often  unfamiliar  with  its  clinical  presentation  (Ruthman  et  al., 
1985).  As  a  result,  botulism  may  not  be  diagnosed  in  a  timely  fashion,  leading  to  delays  in 
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treatment,  and  in  a  much  poorer  prognosis.  The  lessons  learned  from  this  large  outbreak  suggest  that 
successful  management  of  a  bioterrorist  attack  involving  botulism  would  require  early  recognition 
and  accurate  diagnosis  of  signs  and  symptoms,  a  realistic  plan  for  allocating  resources,  adequacy  of 
those  resources,  and  coordination  among  the  health  care  facilities,  responsible  government  agencies, 
and  international  partners  (Ungchusak  et  al.,  2007).  For  this  outbreak,  antitoxin  was  obtained 
through  informal  government  channels,  and  although  responses  were  expeditious,  antitoxin  from 
the  United  States  and  the  United  Kingdom  did  not  reach  Thailand  until  5-9  days  after  the  outbreak. 
This  delay  would  have  resulted  in  potential  deaths  in  the  more  severe  group  were  it  not  for  access  to 
ventilators  and  emergency  care.  Formal  international  arrangement  for  antitoxin  delivery  is  prefer¬ 
able  to  informal  mechanisms,  but  local  strategic  stockpiles  of  critical  medicines  and  supplies  are 
essential  to  avoid  delays  in  treatment. 


B.  Wound  Botulism 

Wound  botulism  is  relatively  rare,  accounting  for  only  5%  of  all  outbreaks.  The  majority  of  these  are 
caused  by  serotype  A,  and  the  remainder  by  serotype  B  (Shapiro  et  al.,  1998).  The  neurological 
symptoms  of  wound  botulism  differ  little  from  those  of  foodbome  botulism  except  for  the  general 
absence  of  GI  symptoms.  Historically,  this  form  of  botulism  was  so  uncommon  that  it  was  not 
even  recognized  until  the  last  half  of  the  twentieth  century.  From  its  discovery  in  1943  until  1990, 
only  47  incidences  of  wound  botulism  were  documented  (Weber  et  al.,  1993).  An  examination  of 
these  cases  indicated  that  wounds  susceptible  to  C.  botulinum  are  generally  deep  with  avascular 
areas  but  need  not  appear  obviously  infected  or  necrotic.  Additional  risk  factors  include  compound 
fractures  and  extensive  crush  injuries  (Mershon  and  Dowell,  1973).  Contamination  of  wounds  with 

C.  botulinum  spores  leads  to  germination  and  colonization  at  the  site  of  infection.  Localized 
weakness  results  from  production  of  toxin  at  the  wound,  and  systemic  botulism  can  occur  from 
toxin  transmitted  via  the  bloodstream  to  distant  targets  (Weber  et  al.,  1993). 

From  1980  to  the  present  time,  wound  botulism  has  been  observed  predominantly  in  illicit 
drug  users  following  repeated  subcutaneous  administration  of  black  tar  heroin,  or  in  individuals 
with  nasal  or  sinus  lesions  from  chronic  cocaine  abuse  (Anderson  et  al.,  1997).  During  the 
last  decade  alone,  wound  botulism  from  black  tar  heroin  has  exceeded  the  total  reported  wound 
botulism  cases  during  the  preceding  40  years  by  a  factor  of  almost  three  (Sandrock  and 
Murin,  2001). 

For  reasons  that  are  not  completely  understood,  wounds  are  much  more  likely  to  be  contami¬ 
nated  by  Clostridium  tetani  than  with  C.  botulinum.  Although  an  aggressive  vaccination  program 
has  nearly  eliminated  tetanus  in  developed  nations,  the  absence  of  universal  tetanus  vaccination  in 
many  developing  countries  results  in  substantial  mortality  (Vandelaer  et  al.,  2003).  A  large  number 
of  TeNT  intoxications  occur  in  neonates,  often  by  infection  of  the  umbilical  stump.  The  mortality 
rates  in  developing  countries  were  reported  to  be  85%  for  neonatal  tetanus  and  50%  for  nonneonatal 
tetanus  during  the  mid-1980s  (Schofield,  1986).  For  the  year  2002,  deaths  from  TeNT  were 
estimated  by  the  World  Heath  Organization  (WHO)  at  213,000  worldwide,  of  which  198,000 
occurred  in  children  under  5  years  of  age  (Vandelaer  et  al.,  2003). 


C.  Intestinal  Botulism 
1 .  Infant  Botulism 

Infant  botulism  is  a  consequence  of  intoxication  by  BoNT  following  ingestion  or  inhalation  of 
clostridial  spores  that  colonize  the  large  intestine;  young  infants,  especially  those  between  2  and  4 
months  of  age,  are  susceptible  to  this  form  of  botulism  (Pickett  et  al.,  1976,  Amon,  1995). 
Germination  of  spores  and  growth  of  vegetative  cells  lead  to  production  of  BoNT;  the  neurotoxin 
thus  elaborated  crosses  the  intestinal  wall  and  reaches  susceptible  targets  such  as  skeletal  muscle 
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via  the  bloodstream  (Amon,  1995).  The  characteristic  symptoms  are  poor  sucking,  constipation 
generalized  weakness,  and  respiratory  insufficiency.  The  risk  factors  are  not  completely  understood,’ 
u  e  incidence  drops  off  sharply  after  28  weeks  of  age,  which  is  likely  to  be  related  to 
development  of  a  more  diversified  intestinal  flora.  The  latter  has  been  shown  to  suppress  germin 
ation  and  growth  of  C.  botulinum  spores  in  mice  (Sugiyama  and  Mills,  1978).  Of  all  food  products 
hat  may  be  contaminated  with  C.  botulinum  spores,  honey  has  been  the  one  most  often  implicated 

It  a"  T979)  Sm;  U  18  Cre  °re  reC°mmended  that  honey  not  be  given  to  young  infants  (Amon 

1Q7^°S  infant  botulism  was  not  recognized  until  a  large  outbreak  occuired  in  California  in 
1976  (Pickett  et  al„  1976),  it  is  currently  the  most  prevalent  form  of  botulism  in  the  United  States 
accounting  for  approximately  70£/c  of  all  cases  (Shapiro  et  al„  1998).  Because  infant  botulism 
resufts  from  a  continual  production  of  BoNT,  it  appears  to  be  more  effectively  treated  by  antitoxin 
than  is  foodbome  botulism.  In  a  recently  concluded  5  year  randomized  clinical  trial  carried  out 
wr  h  a  human  botulinum  immune  globulin  (BIG-IV),  it  was  found  that  administration  of  BIG-IV 
w!  hm  3  days  of  hospitalization  resulted  in  a  3  week  reduction  in  the  mean  hospital  stay,  as  well  as 
substantial  reductions  m  the  time  needed  for  intensive  care  and  mechanical  ventilation  (  Amon  et  al 
.006).  In  a  nationwide  open  label  study,  BIG-IV  was  found  to  be  effective  even  when  administered 
7  days  after  hospital  admission,  although  to  a  somewhat  lesser  extent  than  when  infusion  was 
initiated  at  3  days  (Amon  et  al.,  2006). 

2.  Adult  Intestinal  Botulism 

Under  rare  conditions,  adults  may  manifest  a  syndrome  similar  to  that  of  infant  botulism.  Such  cases 
generally  occur  in  hospitalized  patients  treated  with  a  long  course  of  multiple  antibiotics  that 
eliminate  the  normally  suppressive  intestinal  flora;  other  predisposing  factors  include  inflammatory 
bowel  disease  and  surgical  alterations  of  the  bowel  (Fenicia  et  al.,  1999). 


D.  Inhalation  Botulism 

Inhalation  botulism  is  so  rare  that  only  one  human  outbreak  has  ever  been  reported  (Holzer  1962) 
Three  laboratory  investigators  became  intoxicated  by  BoNT  while  performing  necropsies  on 
animals  exposed  earlier  to  an  aerosol  of  BoNT/A  that  was  stabilized  by  addition  of  colloids  It  is 
assumed  that  the  BoNT/A  was  reaerosolized  from  the  animals’  fur  during  the  course  of  performing 
*e"eC,r0pSleS:  ^gnS  ^  symptoms  of  intoxication,  consisting  of  dysphagia,  dysphonia,  dizziness, 
headache,  and  blurred  vision,  were  observed  3  days  later.  The  patients  were  hospitalized  for 
approximately  1  week  but  did  not  require  artificial  ventilation.  Although  BoNT  gained  entry  via 
*  e  lungs,  no  alteration  of  pulmonary  function  was  reported  in  any  of  the  individuals.  In  animal 
experiments  (guinea  pigs  and  nonhuman  primates),  it  was  demonstrated  that  no  specific  pulmonary 
histopathology  resulted  from  inhalation  of  BoNT,  even  at  lethal  doses  (Franz  et  al.  1993 
Gelzleichter  et  al.,  1999).  This  is  consistent  with  findings  that  (with  the  possible  exception  of 
serotype  Cl),  exposure  to  BoNT  does  not  result  in  moiphological  damage  (Duchen  1971) 
However,  in  a  more  recent  study,  histopathological  alterations  were  reported  in  mice  that  survived 
intranasally  administered  BoNT/A  when  examined  14  days  after  toxin  challenge.  Moreover 
immunization  with  the  pentavalent  toxoid  protected  mice  from  lethality  but  not  from  lung  damage 

(Taysse  et  al.,  2005).  The  discrepancy  with  earlier  results  may  stem  from  differences  in  toxin 
administration. 

Since  aerosol  dispersal  of  BoNT  can  create  a  toxic  cloud  over  large  areas,  it  is  considered  to  be  a 
likely  route  for  use  by  terrorists.  Consequently,  a  critical  question  for  effective  medical  management 
of  potential  bioterronst  attacks  is  whether  the  conventional  vaccine  and  antitoxin  would  be  effective 
m  treating  patients  following  an  inhalation  exposure  of  BoNT.  In  experiments  where  guinea  pigs 
were  immunized  with  the  pentavalent  toxoid,  the  vaccine  was  found  to  be  as  protective  against  an 
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inhalation  challenge  of  BoNT  as  against  challenge  by  other  routes  of  administration  (Cardella  et  al., 
1963).  More  recently,  a  vaccine  derived  from  recombinant  C  fragment  of  BoNT/B  (binding  domain 
of  the  HC)  was  shown  to  protect  rhesus  monkeys  from  an  inhalation  challenge  of  BoNT/B  (Boles 

et  al.,  2006).  . 

Both  human-  and  equine-derived  antitoxins  have  been  tested  for  protection  against  an  inhalation 
challenge  of  BoNT/A,  and  both  were  found  to  be  highly  effective.  Rhesus  monkeys  were  injected 
with  human  hyperimmune  globulin  or  equine  F(ab')2  antitoxin,  yielding  plasma  titers  of  <0.02  to 
0.6  IU,  and  challenged  with  an  ~6  LD50  dose  of  aerosolized  liquid  BoNT/A  48  h  later  (Franz  et  al., 
1993).  Animals  not  only  survived  this  challenge  but  were  also  protected  from  any  signs  of  BoNT 
intoxication.  Rhesus  monkeys  even  survived  challenge  by  BoNT/A  6  weeks  after  a  single  adminis¬ 
tration  of  16  IU/kg  of  human  hyperimmune  globulin.  Control  animals,  on  the  other  hand,  died  2-4 
days  after  BoNT/A  challenge  and  exhibited  clinical  signs  of  intoxication  12-18  h  before  death. 
These  signs  were  similar  to  those  observed  with  other  forms  of  botulism  in  nonhuman  primates  and 
consisted  of,  in  order  of  onset,  muscle  weakness,  intermittent  ptosis,  poor  head  control,  dysphasia, 
and  lateral  recumbency  (Franz  et  al.,  1993). 

Since  inhalation  botulism  does  not  occur  in  nature,  all  outbreaks  must  be  considered  as 
suspicious.  Prudence  would  dictate  that  each  should  be  treated  as  a  criminal  or  terrorist  attack, 
unless  other  causes  are  found  (Amon  et  al.,  2001).  From  the  limited  human  and  animal  data 
currently  available,  inhalation  botulism  does  not  have  a  unique  presentation;  rather,  the  signs  and 
symptoms  resemble  those  of  other  forms  of  botulism.  The  latent  period  is  comparable  with  that  of 
foodbome  botulism  without  the  early  GI  signs  (Adler,  2006). 

Detection  of  inhalation  botulism  presents  a  unique  challenge  for  confirming  the  outbreak 
and  identifying  the  source  of  toxin.  There  would  be  no  obvious  wounds,  contaminated  food,  or 
history  of  clinical  or  cosmetic  use,  where  overdoses,  although  rare,  are  possible  (Klein,  2004, 
Chertow  et  al..  2006).  Confirmation  of  inhalation  botulism  would  have  to  be  based  on  finding 
toxin  in  the  blood  and  perhaps  in  the  nasal  mucosa  of  intoxicated  patients,  on  detecting  toxin 
residues  in  the  environment,  or  on  observing  an  unusual  clustering  or  distribution  of  cases. 
Unfortunately,  BoNT  cannot  always  be  identified  in  laboratory  samples  (Shapiro  et  al.,  1998), 
and  the  threshold  for  detecting  toxin  or  residues  in  the  nasal  mucosa  or  in  the  environment  is 
currently  unknown. 


III.  PROPHYLAXIS  AND  TREATMENT  OPTIONS 

BoNTs  are  the  most  potent  toxins  known  to  mankind,  and  exposure  to  as  little  as  1  ng  kg 
by  injection  or  3  ng  kg  by  inhalation  can  result  in  human  fatality  (Gill,  1982;  Amon  et  al.,  2001; 
Adler,  2006).  Recovery,  especially  from  type  A  intoxication,  is  slow  (Keller  et  al.,  1999),  and 
residual  physical  and  psychological  signs  and  symptoms  may  persist  for  years  after  exposure 
(Mann,  1983;  Cohen  et  al.,  1988).  Some  of  the  residual  problems  may  be  a  consequence  of  the 
prolonged  period  of  inactivity  during  intoxication  (Wilcox  et  al.,  1990).  Treatment  consists  of 
intensive  care,  ventilatory  support,  if  required,  and  infusion  of  trivalent  equine  antitoxin  (Tacket 
et  al.,  1984).  The  role  of  antibiotics  in  the  treatment  of  botulism  is  controversial:  they  may  be  of 
benefit  in  eradicating  C.  botulinum  in  wound  botulism  (Sandrock  and  Murin,  2001),  but  they  are 
considered  to  be  ineffective  in  the  treatment  of  intestinal  or  foodbome  botulism  (Santos  et  al.,  1981). 
In  addition,  aminoglycoside  antibiotics  and  tetracycline  may  exacerbate  the  BoNT-induced  inhibi¬ 
tion  of  neuromuscular  transmission  (Santos  et  al.,  1981).  There  is  also  concern  that  if  antibiotics 
are  used  to  treat  secondary  bacterial  infections  in  intestinal  botulism,  the  subsequent  lysis  of 
C.  botulinum  vegetative  cells  may  result  in  increased  toxin  absorption.  This  is  considered  to  be 
less  of  a  problem  currently  due  to  the  availability  of  human-derived  botulism  antitoxin  (BIG-IVj, 
with  a  long  residence  time  (ti/2~28  days),  which  can  neutralize  the  additional  toxin  load  (Amon 
et  al.,  2006). 
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A.  Antitoxin 

1 .  Equine  Botulinum  Antitoxin 

rr“tit0Xin  iS  administered  by  intravenous  infusion  and  contains  antibodies  to 
BoNT/A  (7500  IT ),  BoNT/B  (5500  IU),  and  BoNT/E  (8500  IU)  (Shapiro  et  al  1998)  These 

SteCDC  rBo0NTfOldt  dlose  recluired  t0  neutralize  the  highest  toxin  levels  detected  by 

the  CDC  m  BoNT-mtoxicated  patients  (Hatheway  et  al.,  1984).  The  tri valent  equine  antitoxin  is 
currently  the  only  FDA-approved  product  for  botulism,  and  is  effective  in  limiting  the  severity  of 
the  intoxication  if  administered  early  during  the  course  of  illness  (Shapiro  et  al.,  1998).  The 
emporal  limitation  of  antitoxin  treatment  has  long  been  appreciated  (Hewlett,  1929)  and  is  related 
o  he  fact  that  clostridial  neurotoxins  exert  their  actions  inside  the  nerve  terminal,  Z 

sTmlms  lf  h  ?  rr  aCti0"  (SimpS°n>  1981)’  Accordingly.  at  the  time  when  signs  and 
symptoms  of  botulism  become  apparent,  a  substantial  quantity  of  toxin  has  already  become 

internalized,  and  only  the  fraction  that  is  still  in  the  circulation  is  available  to  be  neutralized.  In  a 
re  ospecuve  stud)  of  134  patients,  those  who  received  antitoxin  within  24  h  after  onset  of  signs  and 

°mSiad  a  ^  (1°C/°  than  th0Se  wh0  received  antitoxin  after  24  h  of  onset 

(15%),  or  those  who  did  not  receive  antitoxin  (46%  fatality).  In  addition,  patients  who  received 
antitoxin  widnn  24  h  had  shorter  hospital  stays  and  spent  fewer  days  on  a  ventilator  than  those  who 
received  antitoxin  after  24  h  (Tacket  et  al.,  1984). 

Although  it  is  commonly  believed  that  circulating  BoNT  is  rapidly  cleared  from  the  blood¬ 
stream  this  is  not  always  the  case.  In  the  recent  Oakland  Park,  Florida  outbreak,  detectable  levels  of 

StMh  m  °nC  PatiCnt  8  dayS  after  receivi"8  a  massive  overdose  of  nonapproved 

^  duringa  cosmetic  procedure  (Chertow  et  al.,  2006).  For  such  severely  intoxicated  patients 
antitoxin  administration,  even  if  delayed,  may  still  be  effective  in  limiting  the  duration  of  illness 
since  it  would  neutralize  circulating  BoNT  and  prevent  further  toxin  internalization. 

2.  Recombinant  Monoclonal  Antibodies 

Although  the  equine  antitoxin  is  effective  in  reducing  the  progression  and  severity  of  BoNT 
intoxication,  there  are  significant  limitations  to  its  use.  First,  it  is  difficult  to  generate  adequate 
supplies  for  the  potential  population  at  nsk  in  a  mass  casualty  event.  In  addition,  since  it  is  an  equine 
product,  the  antitoxin  has  a  brief  plasma  half-life  in  humans  (5-8  days),  and  there  is  substantial  risk 
of  adverse  reactions  ranging  from  mild  hypersensitivity  to  serum  sickness  (Black  and  Gunn  1980- 
Hatheway  et  al.,  1984).  To  overcome  these  limitations,  new  formulations  of  antitoxin  are  cu’irently 
under  development,  including  production  of  recombinant  single-chain  human  BoNT  antibodies 
(scFvs)  by  phage  display  technology  (Marks,  2004).  Initial  surface  plasmon  resonance  measure¬ 
ments  identified  four  nonoverlapping  epitopes  on  the  BoNT/A  C-terminal  half  of  HC  (C  fragment 
binding  domain)  for  a  set  of  scFvs  (Amersdorfer  et  al.,  1997). 

The  measured  equilibrium-binding  constants  were  encouraging  (Kd  =  7  3  X  10  8  to  1  1  X  10"9 
M),  which  indicate  a  potential  for  neutralizing  capability.  To  elicit  protection  against  BoNT  A 

onnaflT'T,  hunTC°mpatihle  monoclona'  antibodies  proved  to  be  necessary  (Marks’ 
2004).  Interestingly,  no  single  monoclonal  antibody  was  found  to  be  protective.  These  findings 

canj^a^ible^86"50316  pr°duCt'°n  of  high-potency  botulinum  antitoxins  for  human  use  is  techni- 

As  a  further  refinement,  a  yeast  display  system  was  used  as  a  technology  platform  for  performing 
molecular  evolution  by  increasing  the  affinity  of  those  scFv  antibodies  that  bind  to  BoNT  A  Yeast 
displayed  scFv  libraries  have  been  constmcted  by  selecting  scFvs  that  bind  with  increased  association 
J  QA/,mv  fn-io 6  °^T0r'pr0u  mutagenesis  increased  the  affinity  for  BoNT/A  by  45-fold  (from 
w  7 1  ,  to  2. 1  X  10  M)  (Razai  et  al.,  2005).  Thus,  it  is  possible  that  these  and  other 

biotechnology  approaches  could  be  harnessed  to  develop  neutralizing  monoclonal  antibodies  directed 
a  all  seven  serotypes  of  BoNT.  Such  technological  advances  would  be  expected  to  result  in  antitoxin 
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with  relatively  long  plasma  circulation  times,  a  reduced  incidence  of  hypersensitive  reactions,  and  the 
availability  of  a  sufficient  quantity  to  protect  the  population  at  potential  risk. 

B.  Prophylaxis 

Prophylaxis  generally  involves  vaccination  with  a  pentavalent  (A-E)  toxoid.  Vaccination  provides  a 
high  degree  of  protection  and  is  commonly  administered  to  laboratory  investigators  who  are  at  risk 
of  exposure.  The  current  vaccine  has  been  available  from  the  CDC  as  an  Investigational  New  Drug 
(IND)  for  the  past  45  years  (Fiock  et  al.,  1963).  The  vaccine  is  administered  intramuscularly  at  0,  2, 
and  12  weeks  and  requires  a  booster  at  1  year  to  generate  long-term  protection.  A  heptavalent 
vaccine  (A-G)  originally  developed  by  the  U.S.  Army  (Franz,  1997;  Middlebrook  and  Franz,  1997), 
will  be  produced  by  DynPort  Vaccine  Co.  LLC  under  the  aegis  of  the  National  Institute  of  Allergy 
and  Infectious  Diseases  (NIAID),  and  is  expected  to  be  available  by  the  end  of  this  decade. 

Recently,  a  vaccine  made  from  the  recombinant  BoNT  C  fragment  has  been  reported  to  protect 
nonhuman  primates  from  an  aerosol  exposure  of  BoNT,  and  neutralizing  antibody  titers  were 
detected  for  up  to  2  years  following  vaccination  (Boles  et  al.,  2006).  In  addition  to  needle  delivery, 
there  is  a  considerable  interest  in  developing  a  mucosal  vaccine  for  BoNT.  This  is  based  on  the 
premise  that  the  mucosal  immune  system  would  be  the  first  line  of  defense  for  inhaled  BoNT, 
and  administration  of  mucosal  vaccines  may  be  easier  to  carry  out  in  the  general  population 
(Park  and  Simpson,  2004;  Fujihashi  et  al.,  2007). 

Although  these  vaccines  are  effective,  they  require  multiple  inoculations  and  require  up  to  a 
year  from  onset  to  generate  adequate  protection.  In  addition,  since  the  BoNT  antibodies  remain 
elevated  for  a  prolonged  period,  vaccinated  individuals  may  be  precluded  from  use  of  BoNT  for 
treatment  of  spasticity  or  movement  disorders  that  might  develop  during  their  lifetime  (Jankovic  and 
Brin,  1997).  These  limitations  argue  strongly  in  favor  of  a  supplementary  pharmacological  approach 
for  the  management  of  botulism. 

C.  Pharmacological  Intervention 

From  the  time  that  inhibition  of  ACh  release  was  established  as  the  mechanism  of  BoNT  action, 
attempts  were  made  to  antagonize  the  neurotoxin  by  measures  that  enhance  ACh  release.  Until 
recently,  however,  development  of  a  treatment  for  BoNT  intoxication  had  low  priority,  in  part 
because  early  efforts  were  generally  unsuccessful,  and  in  part  because  effective  vaccines  and 
antitoxins  were  already  available.  Currently,  there  is  an  increased  impetus  to  develop  pharmaco¬ 
logical  treatments  following  recognition  of  the  potential  for  overdose  with  the  expanding  clinical 
use  of  BoNT  (Klein,  2004;  Chertow  et  al.,  2006;  Souayah  et  al.,  2006).  In  addition,  the  experience 
gained  in  preparation  for  a  potential  BoNT  threat  during  the  Persian  Gulf  War  made  it  clear 
that  delays  in  generating  adequate  protection  by  the  BoNT  vaccine  were  not  consistent  with  the 
requirement  for  rapid  deployment  of  military  personnel  (Atlas,  1998).  In  addition,  marked  sequence 
variability  has  been  found  within  BoNT  serotypes,  where  subtypes  exhibit  differences  in  suscepti- 
bility  to  antibody  neutralization  (Smith  et  al.,  2005).  Such  variability  will  need  to  be  incorporated  in 
the  development  of  future  vaccines  and  antitoxins  to  ensure  adequate  protection. 

Some  of  the  earliest  putative  BoNT  antagonists  were  cholinesterase  inhibitors,  selected  for  their 
ability  to  prolong  the  actions  of  ACh.  Carbamate  anticholinesterase  agents  such  as  neostigmine  and 
physostigmine  were  investigated  in  animals  (Edmunds  and  Keiper,  1924),  and  in  nerve-muscle 
preparations  (Guyton  and  MacDonald,  1947),  but  they  were  unable  to  antagonize  the  effect  of 
BoNT.  More  recent  studies  have  tended  to  confirm  earlier  findings  (Adler  et  al.,  1995),  although 
there  have  been  occasional  reports  of  human  botulism  responding  to  the  short-acting  cholinesterase 
inhibitor,  edrophonium  (Cherington,  1998). 

Other  potential  antagonists  of  BoNT  action  such  as  elevated  calcium,  calcium  ionophores, 
lanthanum,  black  widow  spider  venom,  2,4-dinitrophenol,  and  agents  that  raise  cyclic  AMP  levels 
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BoNTmT""''1,  It0'  thelr  al,lli?  10  re,erse  BoNT  ““‘y-  Addition  of  the  above  compounds  to 
BoNT-intoxicated  nerve-muscle  preparations  led  to  increases  in  the  frequency  of  spontaneous 

miniature  endplate  potentials  (MEPPs)  but  resulted  in  little  or  no  enhandem  in  the  amplimde 
of  evoked  endplate  potentials  (EPPs)  (Simpson,  1988;  Thesleff.  1989).  Since  these  comLnds 

nmvlcll'  77  5P°n,ane°“s  b"<  "“I  evoked  ACh  release,  they  were  not  considered  to  be  of 
practical  value  for  treatment  of  BoNT  intoxication. 


1.  Potassium  Channel  Blockers 

BOOT  Ztd^'f0CkOT  WOT  f7J  “  60  m°"  effeC‘ive  in  “'W"i2i"8  dte  paralytic  action  of 
omhL  m  ,  "7  of  oomponnds.  Their  higher  efficacy  comes  from  their  ability  to 

prolong  the  duration  of  the  presynaptic  action  potential  (Penner  and  Dreyer,  1986)  leading  to  a 

fmontl  Xh,°f  °f  ihcreaseddcinm  ffiBuTm8ne“  e 

pulses  enables  the  potassium  blockers  to  produce  striking  increases  in  the  amplitude  of  EPPs  and 
oi  nerve-evoked  twitch  tensions  (Adler  et  al.,  1979). 

actiolnUoTbBoNT0taSfT  Channe*  b!°Ck?  h3Ve  bee"  eValuated  for  their  abilify  to  antagonize  the 
.  th  i  .  ’  Uding  guanidine’  4-aminopyridine,  3,4-diaminopyridine  (3,4-DAP),  and 
tetraethylammonium  (Lundh  et  al.,  1977;  Molgo  et  al.,  1980;  Simpson,  1986).  Of  these,  the  most 
promising  candidate  was  3,4-DAP;  4-aminopyridine  exhibited  undesirable  CNS  side  effects 
and  tetraethylammonium  caused  a  marked  postsynaptic  depression  of  endplate  potentials  and 
muscle ^  contractions  that  actually  exacerbated  BoNT-mediated  inhibition  (Adle/e  al  9^9 

1989;  Chrgton’ 1998)- When  added  to  nerve-muscie 

before  BoNT  3,4-DAP  produced  a  marked  delay  in  the  time-to-block  of  nerve-evoked  muscle 
a  I™  (SimpS°n;  19.86)-  When  aPP'ied  after  BoNT  Paralysis,  3,4-DAP  was  able  to  restore 
“  "r-00""01  !,  ,UeS  (  ndh  6t  al  ’  197^:  Molgo  et  al.,  1980;  Simpson,  1986;  Adler  et  al., 
1995).  I  nlike  many  candidate  antagonists,  3,4-DAP  could  restore  tension  even  several  days  after 
total  paralysis  was  established  (Adler  et  al.,  1996).  In  spite  of  these  successes  with  3,4-DAP  two 
fundamental  limitations  were  noted:  its  efficacy  was  largely  limited  to  serotype  A  (Simpson  1986) 
and  it  had  a  bnef  in  vivo  lifetime  relative  to  that  of  BoNT  (Adler  et  al.,  1996)  Of  the  two  the  latter 

by  Adl^r  e^al  SS000)C  ^  ^  by  USe  °f  a"  d^ety shown 

The  basis  for  the  lack  of  response  to  3,4-DAP  by  the  other  serotypes  is  not  well  understood.  At  a 
unc  lonal  level,  serotype  A-intoxicated  neuromuscular  junctions  undergo  an  attenuated  but  syn- 
hronous  release  of  ACh  following  stimulation;  preparations  intoxicated  by  serotypes  B  D  and  F 
produce  asynchronous  release  where  the  ACh  quanta  are  dispersed  and  cannot  summate  to  produce 
upratlireshold  EPPs  .r  undh  et  al.,  1977;  Molgo  et  al.,  1980;  Thesleff,  1989).  It  is  readily  apparent 

ac ora l  Tent  3’4'DAP  ^  transmkter  release=  howe^>  *e 

factors  that  lead  to  asynchronous  release  are  not  currently  understood. 

)tA"add,d°"al  concern  with  P^ssium  blockers  comes  from  human  case  reports.  These  indicate 
that  although  die  potassium  blockers  guanidine  and  3,4-DAP  produced  a  moderate  increase  in 
muscle  strength,  their  use  did  not  lead  to  the  return  of  spontaneous  ventilation  in  BoNT-intoxicated 

lr tireo  r  f  T"  SdlultZ’  1977=  Davis  et  aI>  1992 ) .  It  is  not  clear  if  human  diaphragm 
or  intercostal  muscles  are  less  responsive  to  potassium  blockers  than  are  limb  muscles,  or  whether 

the  doses  used  clinically  were  insufficient  to  reverse  muscle  paralysis  (Davis  et  al.,  1992)  The  latter 
may  be  the  case  since  BoNT/A-paralyzed  rat  or  mouse  diaphragm  muscles  respond  vigorously  to 
the  actions  of  3,4-DAP  (Simpson,  1986;  Adler  et  al.,  1995).  Higher  doses  of  3,4-DaI  w^e  not 
attempted  in  these  patients  to  avoid  the  risk  of  seizures  and  other  potential  side  effects  At  the 
present  time,  the  potassium  blockers  hold  promise  as  potential  therapeutic  agents,  but  development 
of  more  selective  compounds  or  targeting  of  the  inhibitors  to  neuromuscular  and  neuroeffector 
synapses  will  be  required  to  exploit  their  full  potential. 
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2.  Inhibitors  for  Specific  Stages  of  Intoxication 

The  examples  given  earlier  of  treatment  strategies  are  based  on  antagonizing  the  actions  of  BoNT 
after  the  neurotoxin  has  undergone  internalization  and  subsequent  cleavage  of  its  target  protein.  In 
addition,  since  these  approaches  were  developed  before  the  intracellular  targets  were  identified,  they 
do  not  specifically  antagonize  the  action  of  toxin  at  the  molecular  level.  Rather,  these  compounds 
act  by  elevating  intracellular  calcium  levels  in  an  attempt  to  compensate  for  the  toxin-mediated 
inhibition  of  ACh  release.  The  discrete  stages  of  clostridial  neurotoxin  action  of  binding,  internal¬ 
ization,  translocation,  and  catalysis  suggest  that  there  are  multiple  sites  for  direct  pharmacological 
intervention.  These  stages  are  mediated  by  different  domains  of  BoNT,  and  in  principle,  each  can  be 
specifically  inhibited  (Simpson,  1988, 2004).  Three  areas  where  significant  progress  has  been  made 
will  be  discussed  in  the  following  sections. 

a.  Inhibitors  of  Binding 

A  reasonable  starting  point  for  developing  pharmacological  countermeasures  for  BoNT  intoxication 
is  the  use  of  receptor  antagonists  to  reduce  or  prevent  the  binding  of  toxin  to  the  nerve  terminal. 
Complications  with  this  approach  are  that  many  BoNTs  bind  to  dual  polysialoganglioside-protein 
receptors  on  the  surface  of  nerve  terminals,  and  that  different  BoNT  serotypes  recognize  different 
protein-ganglioside  combinations  (Dolly  et  al.,  1984;  Montecucco,  1986;  Yowler  et  al.,  2002, 
Kohda  et  al.,  2007).  This  implies  that  multiple  receptor  antagonists  would  need  to  be  developed 
to  protect  against  the  BoNT  serotypes  responsible  for  human  intoxications. 

1.  Ganglioside  Component  of  BoNT  Receptor.  Evidence  for  involvement  of  gangliosides  in 
botulinum  intoxication  is  extensive  (Van  Heyningen  and  Miller,  1961;  Montecucco,  1986,  Shapiro 
et  al.,  1997;  Kitamura  et  al.,  1999).  The  most  direct  demonstration,  however,  comes  from  the  study 
of  Bullens  et  al.  (2002).  These  authors  reported  that  in  diaphragm  muscles  obtained  from  a  line  of 
knockout  mice  that  lack  polysialogangliosides  (GalNac-T  ),  a  paralytic  concentration  of 
BoNT/A  (~2  ng/'mL  BOTOX)  had  no  effect  on  spontaneous  or  evoked  release  of  ACh.  In 
agreement  with  this  finding,  Kitamura  et  al.  (1999)  showed  that  the  LD50  of  BoNT/A  is  40-fold 
greater  in  GalNac-T_/'  mice  than  in  wild-type  littermates.  The  relative  resistance  to  BoNT/A,  but 
absence  of  complete  protection,  suggested  that  GD3  or  GM3  gangliosides,  which  were  upregulated  in 
the  knockout  mice,  may  serve  as  potential  receptors  for  BoNT  in  these  mice.  Alternatively,  it  is 
possible  that  the  protein  receptor  may  be  sufficient  for  binding  of  toxin  at  these  higher  concentrations. 

Pronounced  antagonism  of  neurotoxin  binding  has  been  achieved  with  lectins  from  Triticum 
vulgaris  (TVL)  and  Umax  flavus  (Bakry  et  al.,  1991).  Pretreatment  by  these  lectins  led  to  a 
concentration-dependent  inhibition  in  the  binding  of  BoNT/B  and  TeNT  to  preparations  of  rat 
brain  membranes,  approaching  total  inhibition  at  the  highest  concentration.  The  most  effective 
lectins  were  those  that  had  an  affinity  for  V-acetyl-a-sialic  acid;  six  lectins  with  specificities  lor 
other  carbohydrates  were  ineffective  (Bakry  et  al.,  1991).  In  complementary  experiments  on  mouse 
phrenic  nerve-hemidiaphragm  preparations,  TVL  delayed  the  time-to-block  of  nerve-elicited  muscle 
contractions  with  all  BoNT  serotypes  examined  (A-F).  If  one  defines  the  time-to-block  in  the 
presence  and  absence  of  BoNT  antagonist  as  a  protective  index,  the  values  for  the  different 
serotypes  ranged  from  1.3  to  1.9.  Although  the  physiological  actions  of  TVL  appear  less  striking 
than  its  antagonism  of  binding,  it  must  be  borne  in  mind  that  a  10-fold  decrease  in  bound  neurotoxin 
can  only  be  expected  to  produce  a  2-fold  slowing  in  the  time-to-block  (Bakry  et  al.,  1991). 

Since  the  isolated  diaphragm  muscle  has  a  limited  viability  in  vitro  (<8  h;  Adler  et  al.,  1995),  it  is 
generally  tested  with  high  concentrations  of  BoNT  where  protection  may  be  difficult  to  demonstrate. 
It  was  therefore  of  interest  to  determine  the  efficacy  of  TVL  in  a  physiological  preparation  where 
lower  toxin  doses  can  be  used,  and  where  protection  can  be  assessed  over  a  longer  time  interval.  In  a 
recent  study  from  our  laboratory,  TVL  was  injected  locally  in  the  rat  extensor  digitorum  longus  (EDL) 
muscle  30  min  before  a  local  injection  of  0.6  units  (U)  of  BoNT/A.  Muscle  tension  was  recorded  in 
situ  7  days  after  BoNT  administration.  As  shown  in  Table  16.1,  pretreatment  by  TVL  led  to 
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TABLE  16.1 

Pretreatment  by  Triticum  vulgaris  Lectin  (TVL)  Protects  Rat  EDL  Muscle 
from  Paralysis  Following  Local  Injection  of  BoNT/A 


BoNT/A  Dose 


Pretreatment  TVL  Dose  (mg) 


Twitch  Tension  (g) 

Number  of  Muscles  Mean  +  SEM 


None 

None 

0.6  U 

None 

None 

TVL 

0.375 

0.6  U 

TVL 

0.375 

0.611 

TVL 

0.75 

5 
4 
3 
3 

6 


69.4  +  3.4 
2.0  ±  0.9a 
61.2  ±  10.0 
9.7  +  3.1“ 
23.8  ±  6.4lb 


Note:  The  dose  of  BoNT/A  was  selected  to  produce  >95%  inhibition  of  muscle  tension  48  h  after 
injection.  TVL  was  injected  30  min  before  BoNT/A.  Tensions  were  tested  7  days  after 
BoNT  A  administration;  doses  are  expressed  as  mouse  i.p.  LD50  units  (U). 

“  Tensions  differ  significantly  from  pre-BoNT/A  values  (p  <  0.05). 

Tensions  differ  significantly  from  muscles  injected  with  BoNT/  A  alone  (p  <  0.05). 


protection,  albeit  incomplete,  of  muscle  tension  following  injection  of  a  paralytic  dose  of  BoNT/A 

w-mTvT’  n?6?'011  ;aS  s“stained  for  at  least  1  week-  at  which  time  muscles  that  were  not  pretreated 
with  TVL  still  showed  nearly  complete  paralysis  (2.9%  of  control  tension) 

rBak^J°  iQQrSe?th,e  l6CtinS  iS  that  ^  ^  effCCtive  against  3,1  clostridial  ^rotypes 
(*?  ..  7  1991)’  The  disadvantage  of  using  lectins  to  protect  against  BoNT  is  that  they  must  be 

a  ministered  as  pretreatments.  This  limitation  is  inherent  in  the  basic  mechanism  of  BoNT  action- 
dius  no  antagonist  of  surface  receptor  binding  would  be  expected  to  be  protective  once  BoNT  is 
internalized  and  symptoms  are  manifested. 

2.  Protein  Component  of  BoNT  Receptor.  Based  on  the  high-affinity,  cholinergic  selectivity 
and  sensitivity  to  proteolytic  enzymes  (Black  and  Dolly,  1986),  the  binding  of  BoNT  to  the  nerve 
terminal  was  suggested  to  involve  a  protein  component  in  addition  to  polysialogangliosides 
^ontecucco  1986).  Nishiki  et  al.  (1994,  1996a,  1996b)  were  the  first  to  identify  a  protein  receptor 
or  BoNT.  Using  rat  bram  synaptosomal  membranes,  these  authors  demonstrated  that  BoNT/B 
bound  to  synaptotagmin  (Syt),  a  synaptic  vesicle  protein  that  also  serves  as  the  calcium  sensor  for 
evoked  transmitter  release  (Nagy  et  al.,  2006).  Binding  to  Syt  was  found  to  be  saturable  and  to  be 
enhanced  by  die  inclusion  of  the  ganglioside  GDla  or  GTlb  (NishiU  et  al.,  1 994).  However,  since  the 
work  was  performed  in  tissue  that  is  not  the  physiological  target  for  the  clostridial  neurotoxins,  and 
the  authors  did  not  demonstrate  that  the  binding  of  BoNT  to  Syt  led  to  toxin  internalization  the 
results  were  not  universally  accepted  (Middlebrook  and  Franz,  1997). 

Compelling  evidence  that  Syt  was  indeed  the  protein  receptor  for  BoNT/B  was  provided  by  the 
seminal  work  of  Dong  et  al.  (2003).  These  authors  demonstrated  that  Syt  isoforms  I  and  II  were 
responsible  for  the  productive  binding  of  BoNT/B  to  PC12  cells  and  to  motor  nerve  terminals  of 
diaphragm  muscle:  Syt-I  had  lower  affinity  for  BoNT/B  and  required  gangliosides  for  binding 

^  rdTd,hlgher"affinity  binding  did  not  re£luire  gangliosides  (Dong  et  af 
2003).  The  authors  also  demonstrated  that  fragments  of  Syt-II  that  contained  the  toxin-binding 
domain  (luminal  region)  delayed  the  time  to  death  in  mice  challenged  by  intravenous  BoNT/B 
Syt  was  subsequently  demonstrated  to  be  the  protein  receptor  for  BoNT/G  but  not  for  any  of  the 
remaining  five  BoNT  serotypes  (Rummel  et  al.,  2004).  * 

B  Td  the  pr0tein  receptor  for  serotyPe  A  has  now  been  identified. 
Dong  et  al.  (2006)  demonstrated  that  the  synaptic  vesicle  protein  SV2  (isoforms  A,  B  and  C)  is  the 

protein  receptor  for  BoNT/A.  SV2  is  an  integral  membrane  protein  with  12  putative  transmembrane 
domains  and  is  normally  associated  with  secretory  vesicle  membranes  (Janz  and  Sudhof,  1999). 
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Several  lines  of  evidence  implicated  SV2  as  the  protein  receptor  for  BoNT/A:  (1)  binding  of 
BoNT/A  but  not  BoNT/B  was  reduced  in  hippocampal  neurons  cultured  from  SV2  knockout 
mice,  (2)  fragments  of  SV2  that  contain  the  toxin  interaction  domain  (luminal  loop  4)  inhibited 
binding  of  BoNT/A  to  neurons,  and  (3)  SV2B  knockout  mice  were  found  to  be  less  sensitive  to  an 
intravenous  challenge  of  BoNT/A  and,  in  addition,  diaphragm  muscles  from  these  mice  showed  a 
significantly  reduced  binding  of  BoNT/A. 

SV2  and  Syt  are  thought  to  become  incorporated  in  the  plasma  membrane  of  the  nerve  terminal 
during  the  process  of  transmitter  release,  where  the  secretory  vesicle  membrane  is  transiently  fused 
with  the  plasma  membrane  (Bonanomi  et  al„  2006).  This  explains  the  presence  of  synaptic  vesicle 
proteins  on  the  surface  of  nerve  terminal  and  accounts  for  the  finding  that  the  rate  of  BoNT 
intoxication  increases  with  synaptic  activity  (Hughes  and  Whaler,  1962). 

Recent  insight  into  the  binding  of  BoNT/B  has  come  from  X-ray  crystallographic  studies 
in  which  the  luminal  domain  of  Syt-II  was  crystallized  with  BoNT/B  (Chai  et  al„  2006)  or 
with  the  C  fragment  of  BoNT/B  (Jin  et  al„  2006).  These  studies  revealed  that  a  helix  is  induced 
in  the  luminal  domain  of  Syt-II,  which  binds  to  a  hydrophobic  groove  or  saddle-shaped  crevice  near 
the  C  terminus  of  the  BoNT/B  HC.  Gangliosides  bind  to  nonoverlapping  adjacent  sites  that 
are  separated  from  the  Syt-binding  site  by  15A  (Chai  et  al.,  2006;  Jin  et  al.,  2006).  This  binding 
orients  the  translocation  domain  of  the  HC  for  optimal  interaction  with  the  plasma  membrane. 
Mutations  in  the  luminal  domain  of  Syt-II  as  well  as  fragments  of  this  peptide  were  found  to  inhibit 
the  binding  of  BoNT/B  (Chai  et  al.,  2006).  In  addition,  single-site  mutations  in  recombinant 
BoNT/B  neurotoxin  in  the  region  of  the  Syt-II-binding  domain  resulted  in  marked  loss  of  potency 
when  tested  in  the  mouse  phrenic  nerve-hemidiaphragm  preparation,  especially  mutations  A1196K 
and  K1 192E  (Jin  et  al.,  2006).  These  findings  suggest  that  peptide  fragments  of  the  protein-binding 
domains  and  inactive  mutant  BoNT  HC  variants  have  the  potential  to  be  developed  into  inhibitors. 
More  extensive  work  will  be  required  to  determine  if  these  inhibitors  have  practical  application  and 
if  they  provide  benefit  over  immunological  approaches. 

Since  the  details  of  toxin  binding  have  been  reported  only  for  a  limited  number  of  serotypes,  it  is 
not  clear  whether  the  remaining  serotypes  will  also  be  found  to  bind  to  adjacently  located  protein- 
ganglioside  receptors,  or  whether  the  proteins  will  be  derived  from  transient  synaptic  vesicle  fusions 
with  the  plasma  membrane.  Assuming  the  former,  it  is  tempting  to  speculate  on  the  cholinergic 
selectivity  of  these  neurotoxins.  Possibilities  include:  (1)  a  high  density  of  synaptic  vesicle  proteins 
on  cholinergic  nerve  terminals  from  the  generally  rapid  transmitter  release  rates  of  cholinergic  motor 
neurons  (Brooks,  1956;  Thesleff,  1989),  (2)  a  high  density  of  the  appropriate  polysialogangliosides 
on  cholinergic  terminals,  and  (3)  favorable  localization  (geometric  arrangement)  of  the  appropriate 
protein-  and  ganglioside-binding  components. 

It  must  be  pointed  out,  however,  that  the  cholinergic  selectivity  of  the  BoNTs  is  not  absolute,  and 
a  variety  of  cell  types  can  be  intoxicated  in  vitro  with  sufficiently  high  toxin  concentrations  or 
prolonged  incubation  times  (MacKenzie  et  al.,  1982;  Schiavo  et  al.,  2000).  In  addition,  direct 
injection  of  BoNT  into  the  CNS  can  give  rise  to  central  actions  that  are  not  observed  during  exposure 
by  conventional  routes  (Bozzi  et  al.,  2006).  The  finding  that  noncholinergic  cell  types  and  central 
neurons  are  not  ordinarily  affected  by  BoNT  suggests  that  they  may  have  a  limited  access  to  toxin,  a 
lower  density  of  productive  receptors,  or  unfavorable  protein  ganglioside  geometry  . 

b.  Inhibitors  of  Internalization* 

Following  binding  of  the  clostridial  neurotoxins  to  receptors  on  cholinergic  nerve  terminals,  the 
toxins  undergo  internalization  before  reaching  their  ultimate  intracellular  targets  (Schiavo  et  al., 
2000;  Simpson,  2004).  Internalization  is  thought  to  involve  endocytosis  of  the  BoNT-receptor 
complex,  acidification  of  the  resulting  endocytotic  vesicle,  dissociation  of  the  LC  and  HC,  and 


*  Internalization,  in  this  section,  is  used  broadly  to  describe  the  entry  of  toxin  or  LC  into  the  nerve  terminal  cytosol  and 
includes  both  trafficing  from  the  cell  surface  to  the  endosoma  and  translocation  across  the  endosomal  membrane. 


404  Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 

release  of  the  LC  into  the  cytosol  (Koriazova  and  Montal,  2003;  Simpson,  2004).  The  most  direct 
evidence  for  internalization  comes  from  experiments  in  which  colloidal  gold-BoNT  conjugates  have 
visualized  inside  cholinergic  motor  axon  terminals  (Dolly  et  al.,  1984)  and  toipedo  electric 
organ  synaptosomes  (Blasi  et  al.,  1992).  v 

Internalization  affords  the  next  opportunity  to  ameliorate  the  toxic  actions  of  BoNT.  A  number 
of  pharmacological  agents  have  been  examined  for  inhibition  of  this  process  with  various  degrees  of 
“  (1983>  demo“d  ^  pretreatment  of  phrenfcn^hemidiv:^^ 

ations  with  foe  lysosomotropic  agents  ammonium  chloride  or  methylamine  hydrochloride  delayed 

t  T  K°  erVreVOked  mUSCle  contractions  after  exposure  to  BoNT  serotypes  A,  B,  Cl 
HvHrTeMT'vInCUball?fn  °f  ne?'e  muscle  preparations  with  ammonium  chloride  and  methylamine 
hydrochloride  was  effective  if  applied  before,  concurrently,  or  up  to  20  min  after  toxin  exposure 

The  efficacy  of  the  lysosomotropic  agents  was  reduced  rapidly  with  further  delays,  such  that  no 

tlfinnWTh  rV  7  WCre  administered  3°-35  min  after  toxin  exposure.  At  optimal  concen¬ 
trations,  these  compounds  produced  a  twofold  delay  in  the  time-to-block  (Simpson  1983) 

Other  candidates  examined  for  inhibiting  BoNT-mediated  internalization  were  die  antimalarial 
agents  chloroqume  and  hydroxychloroquine  (Simpson,  1982).  These  drugs  were  selected  on  the 
basis  of  interfenng  with  the  actions  of  a  large  group  of  peptide  hormones  and  protein  toxins  that 
exert  their  actions  following  internalization  (Goldstein  et  al.,  1979).  The  maximal  efficacies  of  the 
above  4-aminoqumolines  were  similar  to  those  of  ammonium  chloride  and  methylamine  hydro¬ 
chloride,  and  both  groups  exhibited  a  comparable  therapeutic  window.  They  differed  in  that 

effective  concentrations  of  the  4-aminoquinolines  also  produced  a  reversible  depression  of  neuro¬ 
muscular  transmission. 

f.  7°rk  on  antimalarial  agents  was  extended  by  Deshpande  et  al.  (1997)  to  identify  candidates 
that  did  not  block  neuromuscular  transmission,  had  a  longer  therapeutic  window,  and  could  delay 
e  time  to-block  to  a  greater  degree.  These  investigators  examined  a  large  group  of  4-  and 
8-aminoqumolme  compounds  as  well  as  analogous  acridines  for  their  efficacy  against  BoNT  in 
mouse  diaphragm  preparations.  The  most  effective  compounds  were  quinacrine,  amodiaquine,  and 
chloroqume;  8-aminoquinohnes  such  as  primaquine  were  ineffective.  The  highest  protective  index 
3.9,  was  obtained  with  20  p,M  amodiaquine.  This  was  achieved  with  no  deleterious  effects  on 
neuromuscular  transmission,  and  thus  defines  the  present  limit  for  inhibitor  of  internalization 
Unfortunately,  the  therapeutic  window  could  not  be  extended;  no  protection  was  observed  if  the 
antimalanal  agents  were  added  >40  min  after  exposure  to  BoNT/A  or  BoNT/B. 

A  somewhat  different  approach  for  attempting  to  prevent  or  reduce  the  internalization  of  BoNT 
ZV°!aat  "7e-mus7  Preparations  with  the  proton  ionophores  monensin  and  nigericin  (Adler 
•  7  1994 '  Shendan’  1996>-  These  ionophores  act  by  depleting  vesicular  pH  gradients,  thereby 
interfenng  with  several  stages  m  the  deliveiy  of  active  LC  in  the  cytosol.  These  ionophores  were 
ound  to  be  approximately  as  effective  as  the  other  inhibitors  of  internalization.  They  were  more  toxic 
however,  and  high  concentrations  led  to  a  depression  of  neuromuscular  transmission  (Adler  et  al  1 994- 
Shendan  1996).  Toxicity  is  difficult  to  avoid  with  this  group  of  agents  since  proton  gradients  are 
required  for  a  number  of  cellular  reactions  such  as  the  synthesis  of  ATP  and  filling  of  synaptic  vesicles. 

c.  Metalloprotease  Inhibitors 

The  third  area  for  therapeutic  intervention  is  inhibition  of  the  metalloprotease  activity  of  the  BoNT 
LCs  This  field  is  potentially  the  most  promising,  especially  since  the  crystal  structures  of  the  LCs 
for  all  serotypes  have  been  solved  (Agarwal  et  al.,  2005;  Arndt  et  al.,  2005, 2006).  The  presence  of  a 
zinc-binding  motif  m  the  LC  of  clostndial  neurotoxins,  and  the  finding  that  zinc  is  required  for 
neurotoxin  mediated  proteolysis  of  SNARE  proteins  (Schiavo  et  al.,  1992a;  Montecucco  and 
Schiavo,  1993),  suggest  that  three  classes  of  potential  inhibitors  may  be  effective  in  antagonizing 
foe  toxic  actions  of  BoNT  LC:  metal  chelators,  zinc  metalloprotease  inhibitors,  and  exosite  inhibitors8 
Simpson  et  al.  (1993)  demonstrated  that  foe  zinc  chelator  MWV'-tetrakis(2-pyridylmethyl) 
ethylenediamine  (TPEN)  caused  a  marked  slowing  in  the  time-to-block  of  nerve-evoked  muscle 
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contractions  when  administered  before  BoNT  in  phrenic  nerve-hemidiaphragm  preparations.  The 
maximum  efficacy  was  equivalent  to  that  achieved  with  TVL,  ammonium  chloride,  methylamine 
hydrochloride,  or  the  most  potent  antimalarial  drugs. 

In  common  with  the  above  inhibitors,  TPEN  was  effective  against  all  BoNT  serotypes  exam¬ 
ined.  In  addition,  when  coapplied  with  TVL  or  the  lysosomotropic  agents,  the  protection  observed 
with  TPEN  was  approximately  additive  with  that  of  the  former  compounds.  These  results  are 
encouraging  because  they  demonstrate  that,  in  principle,  concerted  inhibition  of  the  different  stages 
in  the  production  of  toxicity  is  a  viable  strategy  for  managing  BoNT  intoxication.  Sheridan  and 
Deshpande  (1995)  examined  a  number  of  additional  chelators  on  nerve-evoked  twitch  tensions 
and  concluded  that  both  a  high  affinity  for  zinc  and  membrane  permeability  are  required  for 
antagonism  of  BoNT. 

The  results  with  TPEN  in  the  isolated  nerve-muscle  preparations  were  sufficiently  encouraging 
to  test  this  chelator  for  protection  against  challenge  by  BoNT;  unfortunately,  these  results  were  less 
encouraging.  First,  TPEN  was  found  to  be  highly  toxic  in  vivo,  producing  rapid  lethality  at  doses 
above  20  mg/kg  in  mice  (Adler  et  al„  1997).  Second,  at  the  highest  tolerated  dose,  TPEN  only 
increased  survival  by  2—3  h  following  a  20  LD50  challenge  of  BoNT/ A  or  BoNT/B.  Toxicity  of 
TPEN  was  also  observed  with  primary  and  clonal  cells.  TPEN  concentrations  >10  |xM  produced 
morphological  damage  with  characteristics  of  apoptosis  (Adler  et  al.,  1999b). 

Studies  with  ion  replacement  indicated  that  chelation  of  zinc  was  the  proximal  cause  of 
cytotoxicity,  and  examination  of  a  variety  of  chelators  suggested  that  those  with  high  membrane 
permeability  were  especially  apt  to  produce  cell  death  (Sheridan  and  Deshpande,  1998).  Based  on 
these  findings,  metal  chelators  may  have  a  limited  use  in  the  therapy  of  botulinum  intoxication  since 
the  requirements  for  efficacy  against  BoNT  are  the  same  ones  that  promote  cellular  toxicity. 

A  more  promising  approach  is  the  development  of  metalloprotease  inhibitors  to  target  the 
catalytic  activity  of  BoNT  LC.  This  endeavor  was  made  possible  by  the  discovery  of  the  zinc 
metalloprotease  activity  of  the  clostridial  toxins  that  began  almost  20  years  ago  when  the  HEXXH 
signature  sequence  of  zinc-binding  proteins  was  noted  in  the  TeNT  L(  by  Jongeneel  et  al.  (1989). 
Their  finding  suggested  that  clostridial  neurotoxins  possessed  zinc-dependent  protease  activity. 
During  the  next  4  years,  the  SNARE  protein  substrates  and  serotype-specific  cleavage  sites  were 
identified  and  correlated  with  intoxication  in  a  systematic  series  of  studies  (Montecucco  et  al.,  1994; 
Rossetto  et  al.,  1995).  It  is  noteworthy  that  an  enzymatic  activity  for  BoNT/A  was  suspected  as  far 
back  as  1947  by  Guyton  and  Marshall  in  their  pioneering  study  on  botulinum  intoxication  where  it 
is  stated  that: 

this  minute  quantity  of  toxin  necessary  to  produce  poisoning,  the  duration  of  poisoning  and  the 
physical  properties  of  the  toxin  all  tend  to  characterize  the  toxin  as  a  destructive  enzyme . . . 


Metalloprotease  inhibitors  have  the  advantage  of  being  potentially  effective  after  onset  of  BoNT 
intoxication.  Of  the  pharmacological  agents  discussed  thus  far,  metalloprotease  inhibitors  (and 
metal  chelators)  are  the  only  ones  not  constrained  by  the  brief  time  window  that  limits  antitoxin 
efficacy,  as  well  as  the  efficacy  of  inhibitors  of  BoNT  binding,  internalization,  and  translocation.  To 
be  viable  candidates,  metalloprotease  inhibitors  would  need  to  be  highly  potent,  be  able  to  gain 
access  to  the  internalized  BoNT  LC  in  the  cytosol,  and  have  unusually  high  stability  to  match  that  of 
the  BoNT  LC  (Keller  et  al.,  1999;  Adler  et  al.,  2001;  Keller  and  Neale,  2001;  Foran  et  al.,  2003; 
Meunier  et  al.,  2003). 

Early  work  with  zinc  metalloprotease  inhibitors  focused  on  the  well-characterized  agents 
captopril  ( ( 2S)- 1  -[( 2S  )-2-methyl-3-sulfany  1-propanoy  1]  pyrrolidine-2-carboxylic  acid)  and  phos- 

phoramidon  (,V-alpha-L-rhamnopyranosyloxy[hydroxyphosphinyl]-L-leucyl-L-tryptophan).  These 

compounds,  however,  were  found  to  have  little  inhibitory  activity  against  BoNT  (Adler  et  al., 
1994,  1999a).  The  poor  efficacy  of  captopril  was  suggested  to  stem  from  unfavorable  steric 
constraints  in  the  binding  of  proline  at  the  active  site  of  BoNT  (Schmidt  and  Stafford,  2002). 
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Phosphoramidon  analogs  in  which  Leu-Tip  was  replaced  by  Phe-Glu  to  resemble  the  cleavage  site 
synaptobrevin  exhibited  little  increase  in  inhibitory  activity;  one  analog  was  marginally8more 
potent  and  two  were  significantly  less  potent  than  the  parent  compound  (Adler  et  al  \999l) 

act.viLVo?BCoNTeR0^0rgfianiC  C°mp°Unds  wJe  examined  for  their  ability  to  inhibi’t  the  catalytic 
y  BoNI  B,  chiefly  lsocoumanns  and  phosphonates.  Adler  et  al.  (1998)  tested  a  series  of 

Z~  “7™^  ,ha'  Werc  °Hi;ina,ly  inhibitor.  Molecl  mlZ 

uggested  that  these  compounds  may  interact  favorably  with  the  BoNT/B-active  site  and 
several  candidates  were  able  to  inhibit  BoNT/B  LC  activity.  Tire  most  effective  compound  fn  to 
senes  was  7-A-phenylcarbamoylamino-4-chloro-3-propyloxyisocoumarin,  which  had  an  IC50  of 

^8  when  tested  in  a  cleavage  assay  using  a  50  mer  synaptobrevin  peptide. 

Since  existing  metalloprotease  inhibitors  showed  little  promise  for  development  the  focus  for 
drug  discovery  shifted  to  peptide  inhibitors  by  systematically  modifying  key  residues  in  the 

el'  af  119981  the  .“nsequences  of  these  alterations  on  enzymatic  activity.  Schmidt 

•  (  )  made  single  residue  changes  near  the  cleavage  site  of  a  17-mer  SNAP-25  peptide 

Aatwasa  mmrmal  substrate  for  BoNT/A.  Substitution  of  Cys  in  the  PI  or  P2  position  transfoLd 
the  peptide  from  a  substrate  to  a  competitive  inhibitor.  The  best  inhibitors  in  this  series  had  AT,  values 

eroun  nfT  “nr  aSSay'S'  ffiCaCy  WaS  attributed  t0  the  favorable  location  of  the  sulfliydiyl 
group  ofCy^whichwas  postulated  to  interact  with  the  catalytically  important  zinc  in  the  BoNT- 

active  site.  With  further  elaboration  of  this  approach,  more  potent  inhibitors  were  developed  as 
exemplified  by  the  pseudo  peptide,  2-mercapto-3-phenylpropionyl-RATKML  (K  =0  33  uM- 
Schmidt  and  Stafford,  2002).  The  most  potent  inhibitor  of  BoNT/F  (^  =  1-2  nM)  was  a’ peptido^ 

SSdt^^S8  “  f°r  Gln-58  "  ^  —  synaptobrevin  ££St 

17  SUkZ!  f,®1'  (2(!04)  alS0  develoPed  substrate-based  inhibitors  for  BoNT/A  using  a  similar 
-mer  SNAp-25  peptide  (aa  187-203).  The  authors  incorporated  a  thiol  amide  in  place  of  Gln-197 
^  .reSlduel  th®  17'™er  snAP-25  peptide  to  generate  submicromolar  inhibitors  of  BoNT  A 

BoNT  R TJ  y;  Sim  ar  aPPr°aCh  Wkh  3  35  mer  synaptobrevin  peptide  resulted  in  inhibitors  of 
/B  LC  protease  with  K,  values  m  the  low  micromolar  range  (Oost  et  al.,  2003).  A  combina- 

Taf  "E  l  USing  3  finged  PCptide  f°r  B°NT/A  and  BoNT/B  has  also  been  reported  (Moore 
et  al  2006).  In  spite  of  their  generally  high  potencies,  peptide  inhibitors  are  considered  to  be 

unsuuawe  as  therapeutic  agents  since  they  are  unstable  in  vivo  and  would  have  difficulty  gaining 
access  to  the  nerve-terminal  cytosol  to  inhibit  internalized  BoNT  LC.  They  have,  however  served  as 

200^20071  r  eS?  °i°r8aniC  dFUg  candidates  “d  have  been  used  successfully  by  Bu’mett  et  al. 
(2003,  2007)  to  select  effective  compounds  from  natural  products  libraries. 

Anne  et  al.  (2005)  demonstrate  that  a  pseudotripeptide  inhibitor  and  its  disulfide-coupled  dimer 

Tto  J.reV  B°^T/B  Ted'ated  Inhlbltl0n  of  norepinephrine  release  from  cortical  synaptosomes. 
This  action  was  observed  in  the  presence  of  inhibitor  concentrations  >15  p,M.  The  relatively  high 
concentrations  required  for  inhibition  of  BoNT/B  on  norepinephrine  release  contrasts  with  the  2  nM 
IC50  observed  for  inhibition  of  the  BoNT/B  LC-mediated  cleavage  of  a  synaptobrevin  peptide  in  a 

r^  TheHZmma  iC  Tu  (Anne  Ct  aL’  2005)-  The  lower  P°tency  in  cell-based  assays  appears  to 

renresem!  dy.e  PePtidomimetic  inhibitors  to  cross  plasma  membranes  which 

represents  a  major  limitation  of  this  class  of  compounds. 

Small  organic  inhibitors  with  moderately  high  potency  against  BoNT  protease  activity  are 

beginning  to  emerge.  In  general,  the  organic  inhibitors  described  to  date  are  less  potent  than  the 

ast  effective  peptide-based  inhibitors;  however,  continued  work  on  structure  optimization  should 

ead  to  improvements  m  their  potency,  selectivity,  and  cellular  efficacy.  Park  et  al.  (2006)  performed 

of  BoNT/A  ir  HH  T0"  C,0mp0Unds  that  were  caPabIe  of  coordinating  with  the  active  site  zinc 
dvn*  V  ,  311  T™Td  3  StnJCtUre  COmmona,ity  for  inhibition.  Using  multiple  molecular 

IkhTr^r  3  examined  the  interaction  ofthe  initial  set  of  effective  compounds 
‘*  h  BoNT/A  LC-active  site.  Modeling  studies  suggested  that  inclusion  of  a  hydroxamate 
would  improve  interactions  with  the  active  site  zinc,  whereas  an  additional  aromatic  ring  would 
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increase  interactions  with  the  serotype-specific  Phe-193  in  the  active  site.  From  these  insights,  the 
authors  were  able  to  synthesize  an  organic  inhibitor  with  a  of  12  p-M,  which  is  among  the  most 
potent  and  serotype-selective  small  molecule  inhibitor  of  BoNT/A  thus  far  reported  in  a  cell-free 

enzymatic  assay.  .  . 

Boldt  et  al.  (2006b)  also  screened  organic  inhibitors  of  BoNT/A  metalloprotease  activity  on  the 
basis  of  their  interactions  with  the  active  site  zinc.  Initial  efforts  with  arginine  hydroxamate  led  to 
an  inhibitor  with  a  Kx  of  60  pM.  Subsequently,  a  hydroxamate  library  with  carboxylic  acids  was 
tested.  The  best  agent  in  this  screen  was  4-chlorocinnamic  hydroxamate  (with  an  IC50  of  15  pM). 
Further  chloro  substitution  led  to  2,4  dichlorocinnamic  hydroxamic  acid,  a  competitive  inhibitor 
with  a  K ,  of  0.30  pM.  The  potency  of  this  compound  is  comparable  with  that  of  the  best  peptide 
inhibitors  for  BoNT/A  (Schmidt  and  Stafford,  2002).  However,  Burnett  et  al.  (2007)  reported 
that  this  compound  was  less  potent,  and  had  an  IC50  of  29  pM  under  their  assay  conditions.  A 
novel  compound,  Fmoc-d-Cys(Trt)-OH,  was  recently  tested  by  Boldt  et  al.  (2006a).  This  compound 
was  found  to  be  a  moderately  potent  inhibitor  of  BoNT/A  LC  protease  activity  (K\  =  1 8  pM)  and 
was  nearly  equipotent  in  its  ability  to  antagonize  BoNT/ A  in  neuro-2  cells.  The  latter  is  encouraging 
since  most  LC  protease  inhibitors  are  much  less  effective  in  cellular  assays  than  in  cell-free  assays 
(Anne  et  al.,  2005). 

In  addition  to  the  BoNT-active  site,  other  regions  of  the  LC  have  received  attention  as  potential 
areas  for  inhibition.  Lebeda  and  Olson  (1994)  first  suggested  that  the  high  substrate  selectivity  of  the 
family  of  BoNT  proteins  depended  on  “the  critical  positioning  of  the  substrate  by . . .  non-perfectly 
conserved  residues”  and  by  “the  residues  flanking  the  active-site  region.”  This  suggestion  is 
consistent  with  the  observation  that  two  exosites  are  crucial  for  SNAP-25  binding  to  the  LC  of 
BoNT/A  (Breidenbach  and  Brunger,  2004).  The  ct-  and  (3-exosites  were  recognized  as  being 
potentially  important  in  the  development  of  specific  inhibitory  drugs,  and  targeting  the  peripheral 
sites  of  substrate  binding  has  focused  on  a  family  of  bis-imidazole  inhibitors  for  BoNT  A  (Merino 
et  al.,  2006). 

A  recent  study  by  Eubanks  et  al.  (2007)  has  highlighted  limitations  of  conventional  drug 
development  paradigms.  The  authors  found  that  high-throughput  screens  did  not  consistently 
predict  the  candidates  that  would  be  most  effective  in  their  cell-based  assays.  Some  obvious  reasons 
include  cytotoxicity  and  poor  membrane  permeability  of  potential  inhibitors.  However,  other 
reasons  are  that  current  drug  screens  generally  use  small  peptide  fragments  of  substrates,  which 
may  have  different  secondary  structures  and  often  lack  exosite  regions  (Chen  and  Barbieri,  2006). 
In  addition,  in  cells,  the  LCs  of  at  least  some  serotypes  (e.g.,  BoNT/A)  are  localized  to  the 
cytoplasmic  surface  of  the  membrane,  and  are  not  in  free  solution  (Femandez-Salas  et  al.,  2004). 
Eubanks  et  al.  (2007)  also  observed  that  efficacy  in  cell  culture  did  not  predict  protection  in  vivo. 
Complicating  factors  include  absorption,  distribution,  metabolism,  clearance,  and  systemic  toxicity 
of  inhibitor  candidates.  A  prudent  approach,  therefore,  is  to  combine  high-throughput  screening 
with  cellular,  isolated  tissue,  and  in  vivo  assays  as  an  iterative  strategy,  rather  than  to  rely  primarily 
on  cell-free  assays. 

Although  metalloprotease  inhibitors  are  not  constrained  by  a  brief  therapeutic  window,  recovery 
from  BoNT  intoxication  may  still  be  delayed  because  of  the  time  required  to  replace  cleaved 
SNARE  proteins  with  intact  ones.  Estimates  from  pulse-chase  experiments  suggest  that  a  half¬ 
time  of  ~1  day  would  be  required  to  replace  SNAP-25,  4-5  days  to  replace  synaptobrevin,  and  ~6 
days  to  replace  syntaxin,  even  if  no  further  cleavage  were  to  occur  (Foran  et  al.,  2003).  Examination 
of  the  fraction  of  total  SNARE  proteins  cleaved  by  BoNT  reveals  that  a  relatively  small  fraction 
is  cleaved  at  the  neuromuscular  junction  at  the  time  of  total  muscle  paralysis.  From  local  injections 
of  BoNT/A  in  vivo,  Jurasinski  et  al.  (2001)  estimated  that  paralysis  requires  cleavage  of  less  than 
35%  of  the  total  SNAP-25.  Meunier  et  al.  (2003)  reported  that  isolated  diaphragm  muscles  exposed 
to  2  nM  BoNT/A  have  only  6.5%  of  their  SNAP-25  in  the  cleaved  form,  and  suggested  that 
the  SNAP-25  relevant  to  transmitter  release  must  exist  in  a  small  specialized  pool.  It  is  likely  that 
the  critical  pool  of  SNAP-25  is  even  lower  than  that  found  by  Meunier  et  al.  (2003),  since  the 
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CURE  1 6.1  I he  effect  of  BoNT/A  on  muscle  tension  in  isolated  mouse  phrenic  nerve-hemidiaphragm 
preparations.  Muscles  were  exposed  to  BoNT/A  at  concentrations  ranging  from  1  pM  to  1  nM  and  the  time  to 
paralysis  was  monitored.  Toxins  were  added  to  the  muscle  bath  at  0  time  from  concentrated  stock  solutions- 
each  concentration  was  tested  on  a  separate  hemidiaphragm  muscle.  Twitch  tensions  were  elicited  by  supra¬ 
maximal  stimulation  of  the  phrenic  nerve  at  30  s  intervals.  Temperature,  37°C. 


concentration  of  BoNT/A  required  to  paralyze  diaphragm  muscle  is  <1  pM  (Figure  16  1)  consid¬ 
erably  lower  than  the  concentration  used  in  the  above  study.  In  fact,  data  from  our  laboratory  on  rat 
lhC  SNAP"25  cleavage  following  local  injection  of  a  paralytic  dose  of 

I'M  *  “  0fte"  undetectable  (FiSure  16-2)-  The  above  suggests  that  after  complete 
inhibition  of  LC  protease  activity,  recovery  of  synaptic  function  will  be  determined  by  the  turnover 

cM!  ^the  cleaved  SNARE  proteins,  which  are  in  the  same  range  as  the  turnover  rates  of  the  native 
SNAREs  (Foran  et  al.,  2003). 


F'GURE  16-2  Western  blots  of  SNAP-25  from  rat  EDL  muscle  following  local  injection  of  1.25  U  of  BoNT/A 
'  ^  ,  :DL)-  Fhe  n®ht  EDL  muscles  served  as  uninjected  controls.  The  expected  24  kDa  truncated 

TT, ceSU  uln?  m  BoNT/A  Cleavape  of  SNAP-25  was  detectable  with  a  paralytic  dose  of  BoNT/A. 

II  •  1  (Sternberger  Monoclonals,  Inc)  was  used  for  precipitation,  whereas  rabbit  polyclonal  antiserum  2777 

was  used  as  the  primary  antibody  (Biosynthesis,  Inc.).  The  numbers  1,2, 3, 4,  and  5  coirespond  to  2  4  7  14  and 

30  days  after  BoNT/A  injection,  respectively.  Neurally  elicited  twitch  tensions  were  recorded  in  situ  just  before 
excsiom  Tensions  were  2%,  5%,  3%,  32%,  and  39%  of  control,  at  the  above  respective  time  points.  Note  that  the 
truncated  SNAP-25  fragment  could  not  be  detected  even  at  day  2,  when  tensions  were  2%  of  control. 
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d.  BoNT  Inhibitors  Derived  from  Natural  Products 

Toosendanin  is  a  triterpenoid  compound  obtained  from  the  bark  of  Melia  toosendan  and  has 
been  used  in  traditional  Chinese  medicine  as  an  antiparasitic  agent  and  agriculture  insecticide. 
Toosendanin  was  reported  to  inhibit  BoNT  intoxication  in  animal  models  including  nonhuman 
primates,  and  to  alter  the  action  of  a  number  of  ion  channels,  including  the  BoNT/A  translocation 
channel  (Shi  and  Wang,  2004;  Li  and  Shi,  2006).  Based  on  reports  of  its  efficacy  against  BoNT 
in  the  Chinese  literature,  considerable  interest  has  arisen  in  toosendanin  as  a  potential 
BoNT  antagonist  (Sheridan  and  Parris,  2003;  Dickerson  and  Janda,  2006).  In  our  laboratory,  we 
have  found  that  toosendanin  was  able  to  antagonize  BoNT/A  intoxication  in  isolated  mouse  phrenic 
nerv  e- hemidiaphragm  preparations  when  administered  at  the  same  time  or  30  min  before  BoNT  A, 
but  not  when  given  30  min  after  BoNT  (Figure  16.3).  We  have  also  found  that  toosendanin  is 
equally  effective  against  BoNT  serotypes  BoNT/A,  BoNT/B,  or  BoNT/E.  The  absence  of  serotype 
selectivity,  coupled  with  its  reported  action  on  the  BoNT  translocation  channel,  suggests  that 
toosendanin  may  be  acting  on  a  common  step  such  as  a  slowing  of  internalization  of  the  LC  into 
the  nerve-terminal  cy  tosol.  Current  efforts  are  focused  on  examining  analogs  of  toosendanin  to  shed 
more  light  on  its  mechanism  of  action. 

In  addition  to  studies  on  toosendanin,  there  are  a  number  of  other  efforts  to  develop  natural 
products  as  BoNT  inhibitors,  most  notably  from  the  laboratory  of  Dr  Bavari.  Using  the  peptide- 
based  inhibitor  2-mercapto-3-phenylpropionyl-RATKML  developed  by  Schmidt  and  Stafford 
(2002),  Burnett  et  al.  (2007)  examined  the  interaction  of  this  molecule  with  the  active  site  of 
BoNT/A  LC.  The  investigators  then  screened  small  nonpeptide  molecules  from  the  National 
Cancer  Institute’s  Open  Repository  and  tested  these  for  inhibitory  activity  using  an  HPLC 
assay  and  in  chick  spinal  motor  neurons.  Several  compounds  were  effective  in  the  HPLC  assay 
(Ki  =  3-10  p,M),  and  one,  NSC  240898,  was  found  to  be  effective  in  producing  a  concentration- 
dependent  protection  of  SNAP  25  in  cultured  spinal  cord  cells  with  no  evidence  of  toxicity  up 
to  40  |xM. 

e.  Removal  of  BoNT  from  the  Nerve  Terminal 

The  persistence  of  BoNT-mediated  paralysis  is  one  of  the  most  striking  features  of  intoxication  by 
clostridial  neurotoxins.  Although  persistence  is  desirable  for  providing  sustained  relief  of  muscle 
hyperactivity  (Jankovic  and  Brin,  1997),  it  is  a  major  problem  for  management  of  BoNT  intoxica¬ 
tion  (Souayah  et  al.,  2006).  In  addition  to  the  drug  discovery  efforts  described  earlier,  a  therapy  that 


CK  BoNT 'A 

EJ  BoNT  A  +  30  min  post  TSN 
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cn  BoNT/A  4  simultaneous  TSN 
5=3  BoNT/A  4  30  min  pre-TSN 
treatment 


FIGURE  16.3  Toosendanin  (TSN)  delays  the  time  to  50e/c  paralysis  in  isolated  mouse  hemidiaphragm  muscle 
exposed  to  BoNT/A.  TSN  (3  p-M)  was  added  to  tissue  baths  30  min  before  (pre),  simultaneously  with  (simult.), 
or  30  min  following  addition  of  20  pM  BoNT/A  (post).  Paralysis  times  were  significantly  prolonged  in  muscles 
when  TSN  was  added  before  or  at  the  same  time  as  BoNT/A  (p  <  0.01,  ANOVA  followed  by  Bonferroni  post 
tests)  as  indicated  by  asterisks.  Muscles  tensions  were  elicited  by  supramaximal  stimulation  of  the  phrenic 
nerve  at  30  s  intervals.  Temperature,  37°C. 


410  Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 

Sataentf  ***  ^  WOuld  be  a  maJor  contribution  to  the  development  of  BoNT 

There  are  two  principal  pathways  for  the  elimination  of  proteins  from  cells:  the  ubiquitin 
proteasome  system  (IPS)  and  the  lysosomal/autophagy  system  (Rubinsztein,  2006).  These  systems 
ate  both  highly  regulated  and  can  be  specific  for  targeting  degradation;  however,  the  ItH 
generally  considered  to  be  the  more  critical  pathway  for  the  specific  regulation  of  protein  stability 
The  essential  elements  of  the  UPS  consist  of  ubiquitin  (a  highly  conserved  76  amino  acid  peptide) 
a  cascade  of  enzymes  to  attach  ubiquitin  to  a  specific  target  protein,  and  the  proteasome,  which  is  a 
large  macromolecular  complex  (Hochstrasser,  1996). 

it,  .Thf.  S'gnatUre  10r  designating  a  Protein  for  degradation  is  attachment  of  a  ubiquitin  chain 
Ubiquitin  serves  a  number  of  cellular  functions  but  the  most  widely  investigated  is  its  role  in 
targeting  to  the  proteasome.  Ubiquitin  is  attached  to  a  specific  protein  through  the  action  of  a 
cascade  of  enzymes  designated  El,  E2,  and  E3,  which  can  sequentially  relay  ubiquitin  to 
u  minate  m  the  covalent  ligation  of  the  ubiquitin  carboxyl  terminus  to  a  lysine  side  chain  of 
e  target  protein.  The  cov  alent  attachment  of  ubiquitin  is  exquisitely  regulated,  and  the  selection 

the  protein  target  for  ubiquitination  resides  primarily  in  the  function  of  E3  ubiquitin  ligases. 

specific  E3  may  have  a  single  or  very  small  number  of  protein  targets  that  it  will  recognize  to 
bnng  about  ubiquitination  of  that  target  (Figure  16.4).  Examples  of  such  specific  relationships  are 
the  recognition  and  ubiquitination  of  the  antitumor  protein  p53  by  the  E3  ubiquitin  ligase  MDM2 

GuW2006)  ^  °n  °f  IkK  ubiquitination  ^  an  SCF  ubiquitin  ligase  complex  (Brooks  and 

In  cells>  the  bnef  duration  of  BoNT/E  LC  appears  to  be  related  to  its  more  extensive 
ubiquitination  relative  to  that  of  BoNT/A  LC  (Figure  16.4b).  The  E3  ubiquitin  ligases  are 
generally  modular,  with  one  domain  of  the  E3  specifically  binding  and  recognizing  the  target 
protein  and  another  domain,  E3  ligase  catalytic  domain,  functioning  to  facilitate  the  attachment  of 
ubiquitin  to  the  target  protein  lysine  residue  (Figure  16.5a).  Such  modular  design  allows  for  the 
generation  of  chimenc  recombinant  proteins,  which  contain  a  combination  of  a  recognition 
domain  for  novel  targets  together  with  an  E3  ligase  catalytic  domain  to  attach  ubiquitin  to  this 
novel  target  (Figure  16.5b).  This  approach  of  generating  chimeric  recombinant  or  “designer” 
ubiquitin  ligases  is  applied  to  a  number  of  fields,  including  cancer  therapy  (Zhou  et  al  2000 
Oyake  et  al.,  2002;  Hatakeyama  et  al.,  2005).  The  possibility  of  designating  a  target  protein  for 
degradation  may  be  applicable  to  the  development  of  therapeutics  for  BoNT  intoxication  and  is 
being  actively  pursued. 

p  addib0n  t0uthe  development  of  designer  ubiquitin  ligases  for  accelerating  the  elimination  of 
BoNT  IX  from  the  presynaptic  terminal,  studies  to  determine  the  role  of  the  endogenous  neuronal 
ubiquitin  system  in  regulating  differences  in  persistence  between  BoNT/A  and  BoNT  E  have 
been  undertaken.  Recent  efforts  have  focused  on  the  identification  of  cellular  protein-binding 
partners  for  BoNT/A  and  BoNT/E  LCs.  The  goal  is  to  identify  elements  of  the  UPS  that  may 
preferentially  recognize  one  of  the  two  serotypes  of  BoNT  LC  and  account  for  the  greater  rate  of 
S  degradation  of  BoNT/E.  Two  possibilities  are  emerging.  In  the  first,  BoNT/A  interacts  more 
extensively  with  enzymes  in  the  deubiquitinating  pathway  (systems  that  actively  reverse  the 
ubiquitination  process);  m  the  second,  cellular  E3  enzymes  interact  more  extensively  with  BoNT/E 
LC  to  accelerate  its  UPS  degradation  (Amerik  and  Hochstrasser,  2004).  Both  alternatives  have 

fSriC;mP'1Cf°f-  ThUS’  devel°Pment  of  a  designer  E3  ubiquitin  ligase  directed  to  the 
BoNT/A  LC  and  the  delivery  of  this  designer  E3  to  affected  neurons  may  shorten  the  duration  of 
intoxication.  Alternatively,  it  may  be  possible  to  identify  deubiquitination  enzymes  that  are  respon¬ 
sible  for  the  persistence  of  BoNT  A  LC,  and  to  inhibit  these  by  small  molecule  pharmaceutical 
agents.  The  era  of  therapeutics  directed  toward  regulation  of  protein  stability  by  the  UPS  is 

“d  h°ldS  promise  in  d*  evolution  of  novel  therapeutic  agents  to  address  the  persistence 
of  BoNT  intoxication. 
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YFP-BoNT/E  LC  is  ubiquitinated  more  extensively  than 
YFP-BoNT/A  LC  in  N18  cells 
a-YFP  a-Ubi 


FIGURE  16.4  Cascade  of  ubiquitination  enzymes  and  the  extensive  ubiquitination  of  BoNT/E  LC  in  cells, 
(a)  Ubiquitin  activated  and  attached  to  lysine  (K)  residues  in  target  substrate  proteins  by  a  cascade  of  enzymes, 
designated  El  E2,  and  E3.  The  specificity  for  selecting  the  target  substrate  protein  for  ubiquitin  modification 
resides  in  the  E3  enzyme,  (b)  Ubiquitination  of  BoNT/A  and  BoNT/E  LC  in  N18  neuroblastoma  cells.  YFP- 
BoNT/A  LC  and  YFP-BoNT/E  LC  were  transfected  into  N18  cells,  the  cells  were  lysed,  and  YFP-BoNT  LC 
proteins  were  immunoprecipitated  with  anti-YFP  antibody.  The  immunoprecipitated  YFP-BoNT  LCs  were 
separated  and  detected  by  western  blotting  with  antiubiquitin  antibody.  The  YFP-BoNT/E  LC  is  more 
extensively  ubiquitinated  than  the  YFP-BoNT/A  LC,  as  demonstrated  by  the  immunoreactive  smearing  of 
the  multi-ubiquitinated  YFP-BoNT/E  LC. 


IV.  CONCLUSIONS  AND  FUTURE  RESEARCH 

Efforts  to  develop  pharmacological  inhibitors  of  BoNT  have  increased  substantially  during  the  last 
decade.  The  major  focus  of  the  current  research  is  the  design  and  synthesis  of  specific  metallopro- 
tease  inhibitors.  Early  drug  discovery  efforts  were  hampered  by  the  lack  of  information  on  targets 
and  the  absence  of  the  crystal  structure  for  BoNT.  Current  efforts  will  be  aided  enormously  by  the 
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XIAP  E3  ubiquitin  ligase  as  example  of  the  modular  design— 
substrate-binding  domain  and  E3  ubiquitin  catalytic  domain 


XIAP  BIR1 -3  domains 
recognize  and  bind  caspase 
substrate  for  ubiquitination 


XIAP  RING  is 
catalytic  E3  domain 


SNAP-25  replaces  XIAP  BIR1-3 
domains  and  recognizes  BoNT  romt/a  c 
as  substrate  for  iftQiitinalion 

'a,_ _  terminus  of  SNAP-25 


Immunoprecipitation  followed 
by  western  to  assess 
ubiquitin  modification 


YFP-BoNT/A 

LC-*- 


Western  blot  to  assess 
steady  state  levels  of 
transfected  YFP-BoNT/A 
LC  modification 


s> 

C:  5 

>i  8  $ 

"n  O  4> 

|YFP-BoNT  A  ,f  <f 

LO  |  | 

YFP-BoNT/A  £  4F 


LC-*- 


-75  kD 


(b) 


Anti-GFP 


Anti-Ubi 


Anti-GFP 


FICURE  16.5  Modular  composition  of  E3  ubiquitin  ligases  and  increased  ubiquitination  of  BoNT/A  LC  bv  a 
designer  ubiqmtin  ligase.  (a)  The  ubiquitin  ligase  XIAP  is  an  example  of  the  modular  composition  of 
P3  ubiquitin  ligases  generally  where  the  amino-terminal  BIR  domains  bind  the  target  substrate  caspases.  and 
the  carboxyl-terming  RING  domain  facilitates  the  attachment  of  ubiquitin  to  the  target  substrate.  A  designer  E3 
ubiquitin  ligase  for  BoNT,  A  LC  was  constructed  by  substituting  BoNT  noncleavable  (NC)  SNAP-25Sfor  the 
BIR  domains  of  XIAP  to  allow  targeting  of  the  RING  domain  toward  BoNT/A  LC  to  induce  ubiquitination 
(b)  Demonsmmon  of  the  achvtty  of  the  SNAP-25/NC-RING  designer  ubiquitin  ligase.  Cells  were  transfected 
wnh  plasmid-expressing  YFP-BoNT/A  LC  along  with  either  SNAP-25/NC  control  plasmid  or  SNAP-25/NC- 
RJNG-expressmg  plasmid.  The  cells  were  lysed  and  the  YFP-BoNT/A  LC  was  assessed  by  immunoprecipita- 
don.  The  cells  transfected  with  SNAP-25/NC-RING  displayed  increased  ubiquitination  of  the  YFP-BoNT/A 
LC  and  a  lower  steady-state  level  of  the  YFP-BoNT/A  LC. 


availability  of  precise  structural  information  and  by  knowledge  of  the  mechanism  of  LC-mediated 
proteolysis  of  SNARE  proteins  (Chen  and  Barbieri,  2006). 

Results  to  date  indicate  that  a  number  of  low  molecular  weight  inhibitors  and  small  peptides  are 

CCll'free  'n  Vitr°  SyStCmS  <SukonPan  et  al.,  2004;  Boldt  et  al„  2006a, 
2006b;  Park  et  al.,  2006;  Burnett  et  al.,  2007;  Eubanks  et  al  2007) 
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Development  of  safe  and  effective  metalloprotease  inhibitors  with  in  vivo  efficacy  will  no  doubt 
be  difficult.  Some  of  the  challenges  involve  targeting  of  drugs  to  the  nerve  terminal,  ensuring  their 
access  to  the  intracellular  compartment  and  increasing  the  bioavailability  of  the  drugs  to  match  the 
duration  of  the  toxin  (Goodnough  et  al.,  2002;  Eubanks  et  al.,  2007).  In  addition,  different  inhibitors 
may  be  needed  for  each  serotype,  requiring  multiple  parallel  efforts.  A  more  complete  character¬ 
ization  of  BoNT  receptors  and  a  better  understanding  of  the  internalization  process  have  recently 
become  available  and  will  aid  in  accomplishing  these  objectives  by  refining  the  drug  delivery 
methodologies  (Chai  et  al.,  2006;  Jin  et  al.,  2006). 

It  may  also  be  necessary  to  accelerate  the  removal  of  cleavage  products  from  the  nerve  terminal 
and  to  introduce  noncleavable  SNARE  analogs  for  a  more  rapid  recovery  (O’Sullivan  et  al.,  1999). 
The  latter  is  especially  relevant  for  treatment  of  persistent  serotypes  such  as  BoNT/A  (Keller  et  al., 
1999;  Adler  et  al.,  2001;  Keller  and  Neale,  2001;  Foran  et  al.,  2003).  The  progress  in  understanding 
the  mechanism  of  action  of  the  BoNTs  and  detailed  structural  information  gained  during  the  last 
decade  suggest  that  pharmacological  treatments  for  BoNT  intoxication  will  soon  be  a  reality. 


ACKNOWLEDGMENTS 

The  authors  are  grateful  for  the  many  valuable  discussions  that  have  so  greatly  benefited  us  over 
the  years  with  Drs  Stephen  Amon,  Mitchell  Brin,  Michael  Byrne,  Fabrice  Comille,  Oliver  Dolly, 
Daniel  Drachman,  Michael  Goodnough,  Keith  Foster,  Ernst  Habermann,  Brennie  Hackley, 
Jane  Halpem,  Harry  Hines,  Kim  Janda,  Eric  Johnson,  Randall  Kincaid,  Susan  Maslanka,  Joseph 
McArdle,  Jordi  Molgo,  Maurice  Montal,  Cesare  Montecucco,  Elaine  Neale,  Mark  Olson,  Gerald 
Parker,  Giampietro  Shiavo,  James  Schmidt,  Robert  Sheridan,  Clifford  Shone,  Lance  Simpson, 
Bal  Ram  Singh,  Leonard  Smith,  Jeremy  Sobel,  Raymond  Stevens,  Subramanyam  Swaminathan, 
Timothy  Umland,  and  Lura  Williamson.  We  would  especially  like  to  thank  Ms  Alma  J.  Hall  for 
sharing  her  unique  insights  into  botulinum  intoxication  and  the  difficulties  in  recovery  from  the 
patient’s  viewpoint. 


REFERENCES 

Adler,  M.  2006.  Inhalation  toxicology  of  botulinum  neurotoxin.  In  Inhalation  Toxicology,  2nd  edition,  eds. 
H.  Salem,  and  S.A.  Katz,  963-972.  Boca  Raton,  FL:  Taylor  &  Francis. 

Adler,  M„  Oliveira,  A.C.,  Albuquerque,  E.X.,  Mansour,  N.A.,  and  Eldefrawi,  A.T.  1979.  Reaction  of  tetra- 
ethylammonium  with  the  open  and  closed  conformation  of  the  acetylcholine  receptor  ionic  channel 
complex.  J.  Gen.  Physiol.  74:129-152. 

Adler,  M„  Deshpande,  S.S.,  Sheridan.  R.E.,  and  Lebeda,  F.J.  1994.  Evaluation  of  captopril  and  other  potential 
therapeutic  compounds  in  antagonizing  botulinum  toxin-induced  muscle  paralysis.  In  Therapy  with 
Botulinum  Toxin,  eds.  J.  Jankovic,  and  M.  Hallett,  63-70.  New  York,  NY:  Marcel  Dekker. 

Adler,  M.,  Scovill,  J.,  Parker,  G„  Lebeda,  F.J.,  Piotrowski,  J.,  and  Deshpande,  S.S.  1995.  Antagonism  of 
botulinum  toxin-induced  muscle  weakness  by  3,4-diaminopyridine  in  rat  phrenic  nerve-hemidiaphragm 
preparations.  Toxicon  33:527-537. 

Adler,  M„  MacDonald,  D.A.,  Sellin,  L.C.,  and  Parker,  G.W.  1996.  Effect  of  3,4-diaminopyridine  on 
rat  extensor  digitorum  longus  muscle  paralyzed  by  local  injection  of  botulinum  neurotoxin.  Toxicon 
34:237-249. 

Adler,  M„  Dinterman,  R.E.,  and  Wannemacher,  R.W.  1997.  Protection  by  the  heavy  metal  chelator  N,N,w, 
A/'-tetrakis(2-pyridylmethyl)ethylenediamine  (TPEN)  against  the  lethal  action  of  botulinum  neurotoxin  A 
and  B.  Toxicon  35:1089-1 100. 

Adler,  M„  Nicholson,  J.D.,  Comille,  F„  and  Hackley,  Jr.,  B.E.  1998.  Efficacy  of  a  novel  metalloprotease 
inhibitor  on  botulinum  neurotoxin  B  activity.  FEBS  Lett.  429:234-238. 

Adler,  M„  Nicholson,  J.D.,  Starks,  D.F.,  Kane,  C.T.,  Comille,  F„  and  Hackley,  Jr.,  B.E.  1999a.  Evaluation  of 
phosphoramidon  and  three  synthetic  phosphonates  for  inhibition  of  botulinum  neurotoxin  B  catalytic 
activity.  J.  Appl.  Toxicol.  1 9:S5— S 1 1 . 


414 


Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 


A%™S»SiHlTn'“','J'',and  ’T"’  '"9b'  °yKmk  “fions  of  ctehtor 

on  NG108-15  neuroblastoma-glioma  cells.  Neurotoxicology  20571-582 

3nd  Deshpande’  S  S'  2000-  Antagonism  of  botulinum  toxin  A-mediated  muscle 
Adler  3’4„d“°Pyndlne  delivered  via  osmotic  minipumps.  Toxicon  38:1381-1388. 

:  dler  M  Keller  ,  LE  Shendan.  R.E.,  and  Deshpande,  S.S.  2001.  Persistence  of  botulinum  neurotoxin 

39:233-243*  ^  SeqUentlal  adminlst"  of  serotypes  A  and  E  in  the  rat  EDL  muscle.  Toxicon 

Aganval,  R.,  Binz,  T„  and  Swaminathan,  S.  2005.  Structural  analysis  of  botulinum  neurotoxin  serotype  F  light 

a  k  C  "P'r°nS  °"  SUbstrate  bindinS  ^  inhibitor  design.  Biochemistry  44: 1 1758-1 1765  § 

Ambache,  N.  1951.  A  further  suiwey  of  the  action  of  Clostridium  botulinum loxin  upon  dSnt  type  of 
autonomic  nerve  fibre.  J.  Physiol.  (London)  113-1-17  ^P 

2004  and  fanCtl0n  °f  deUb^iti"ati„g  enzymes.  Biochim. 

Amersdorfer  P  Wong  C„  Chen,  S„  Smith,  T„  Deshpande,  S„  Sheridan,  R„  Finnem,  R„  and  Marks,  J  D 

hind  nMd  CCU  ^  charactenfat,on  of  munne  humoral  immune  response  to  botulinum  neurotoxin  type  A 
.  .  blndl"f  d°ma'n  as  assessed  by  using  phage  antibody  libraries.  Infect.  Immun.  65:3743-3752 

^  C  M-  1997‘  ^  b0tUHSm  aSSOdated  Wi‘h  *>'“*  heroin. 

Anne  C  rurcaud,  S„  Blommaert,  A.G.,  Darchen,  F„  Johnson,  E.A.,  and  Roques,  B.P.  2005.  Partial  protection 
against  Botulinum  B  neurotoxm-mduced  blocking  of  exocytosis  by  a  potent  inhibitor  of  its  metallopep- 
tidase  activity.  Chembiochem  6:1375-1380.  ^  ^ 

AOld’  3K0ri07-n6PhySiOl°8y  and  pham,aC0l0gy  of  therapeutic  botulinum  neurotoxins.  Curr.  Probl.  Dermatol. 

Arndt,  J.W.,  Yu,  W„  Bi,  F„  and  Stevens,  R.C.  2005.  Crystal  structure  of  botulinum  neurotoxin  type  G  light 
chain,  serotype  divergence  in  substrate  recognition.  Biochemistry  44-9574-9580 

Arnd^!hT\Chai\Q;,(;hllStian’  J"  and  Stevens’  R  C-  2006-  Structure  of  botulism  neurotoxin  type  D 
45:3255-3262  A  repercussions  for  VAMP-2  substrate  specificity.  Biochemistry 

Arnon.S^S.  1995.  Botulism  as  an  intestinal  toxaemia.  In  Infections  of, he  Gastrointestinal  Tract,  eds.  M.J.  Blaser 
P.D  Smith,  J.I.  Ravdin,  H.B.  Greenberg,  and  R.L.  Guerrant,  257-27 1  New  York,  NY:  Raven  Press 
Amon,  S.S.,  Midura,  T.F  Damns,  K.,  Thompson,  B„  Wood,  R.M.,  and  Chin,  J.  1979.  Honey  and  other 
environmental  nsk  factors  for  infant  botulism.  J.  Pediatr.  94:331-336. 

Amon  S.S.,  Schechter,  R„  Inglesby,  T.V.,  Henderson,  D.A.,  Bartlett,  J.G.,  Ascher,  M.S.,  Eitzen,  E„  Fine  A  D 
Hauer  J.,  Layton,  M„  Lilhbndge,  S„  Osterholm,  M.T.,  O’Toole,  T„  Parker,  G„  Perl,  T.M.,  Russell,  P  K  ’ 

werdlow,  D.L  and  Tonat,  K.  2001.  Botulinum  toxin  as  a  biological  weapon:  medical  and  public  health 
management.  JAMA  285:1059-1070.  p 

Amon  S^S.  Schechter,  R„  Maslanka,  S„  Jewell,  N.P.,  and  Hatheway,  C.L.  2006.  Human  botulism  immune 
globulin  tor  the  treatment  of  infant  botulism.  N.  Engl.  J.  Med.  354:462-471. 

Atlas,  R.M.  1998.  The  medical  threat  of  biological  weapons.  Crit.  Rev.  Microbiol.  24  157-168 

gmSo in  a,nd,FrTe'.B-  1967‘  C°mbined  effect  °f  water  activity’  pH  “>d  temperature  on  the 
n  c  Sm  ^  f  Clos,ndlum  botul‘num  from  spore  and  vegetative  cell  inocula.  J.  Appl.  Bacteriol.  30:420-429 
akiy  N„  Kamata,  Y„  and  Simpson,  L.L.  1991.  Lectins  from  Triticum  vulgaris  and  Umax flavus  are  universal 
antagonists  of  botulinum  neurotoxin  and  tetanus  toxin.  J.  Pharmacol.  Exp.  Ther.  258:830-836 
andyopadhyay  S  Clark,  A.W.,  DasGupta,  B.R.,  and  Sathyamoorthy,  V.  1987.  Role  of  the  heavy  and  light 
chains  of  botulinum  neurotoxm  in  neuromuscular  paralysis.  J.  Biol.  Chem.  262:2660-  2663 
Black  J  D  and  Dolly,  J.O.  1986.  Interaction  of  ,25I-labeled  botulinum  neurotoxins  with  nerve  terminals 
I  l  ltrastructural  autoradiographic  localization  and  quantitation  of  distinct  membrane  acceptors  of  types 
A  and  B  on  motor  nerves.  J.  Cell.  Biol.  103:521-534. 

BIaCk69-’567-5d70Unn’  R‘A'  198°'  Hypersensitlvity  reactions  associated  with  botulinal  antitoxin.  Am.  J.  Med. 
Blasi,  J.,  Egea,  G„  Castiella,  M.J.,  Arribas,  M„  Solsona,  C„  Richardson,  P.J.,  and  Marsal,  J.  1992  Binding  of 

ZTZ  Z^*0***  "e"e  tt“l!  “M  ,rom  ,he  ekaric  “**"  ”,r^- 

Blasi,  J.  Chapman  E.R.,  Link,  E„  Binz,  T„  Yamasaki,  S.,  De  Camilli,  P„  Sudhof,  T.C.,  Niemann,  H.,  and  Jahn,  R. 
1993a.  Botulinum  neurotoxin  A  selectively  cleaves  the  synaptic  protein  SNAP-25.  Nature  365:160-163. 


Botulinum  Neurotoxin;  Mechanism  and  Countermeasures 


415 


Blasi,  J.,  Chapman,  E.R.,  Yamasaki,  S.,  Binz,  T.,  Niemann,  H.,  and  Jahn,  R.  1993b.  Botulinum  neurotoxin  Cl 
’  blocks  neurotransmitter  release  by  means  of  cleaving  HPC-l/syntaxin.  EMBO  J.  12:4821-4828. 

Boldt,  G.E.,  Eubanks,  L.M.,  and  Janda,  K.D.  2006a.  Identification  of  a  botulinum  neurotoxin  A  protease 
inhibitor  displaying  efficacy  in  a  cellular  model.  Chem.  Commun.  29:3063-3065. 

Boldt,  G.E.,  Kennedy,  J.P.,  and  Janda,  K.D.  2006b.  Identification  of  a  potent  botulinum  neurotoxin  A  protease 
inhibitor  using  in  situ  lead  identification  chemistry.  Ore,.  Lett.  8:1729-1732. 

Boles,  J.,  West,  M.,  Montgomery,  V.,  Tammariello,  R.,  Pitt,  M.L.,  Gibbs,  P.,  Smith,  L.,  and  LeClair,  R.D. 
2006.  Recombinant  C  fragment  of  botulinum  neurotoxin  B  serotype  (rBoNTB)  (HC)  immune  response 
and  protection  in  the  rhesus  monkey.  Toxicon  47:877-884. 

Bonanomi,  D.,  Benfenati,  F„  and  Valtorta,  F.  2006.  Protein  sorting  in  the  synaptic  vesicle  life  cycle.  Prog. 

Neurobiol.  80:177-217. 

Bozzi,  Y.,  Constantin,  L„  Antonucci,  F„  and  Caleo,  M.  2006.  Action  of  botulinum  neurotoxins  m  the  central 
nervous  system:  antiepileptic  effects.  Neurotox.  Res.  9:197-203. 

Breidenbach,  M.A.  and  Brunger,  A.T.  2004.  Substrate  recognition  strategy  for  botulinum  neurotoxin  serotype 

A.  Nature  432:925-929. 

Brooks,  V.B.  1956.  An  intracellular  study  of  the  action  of  repetitive  nerve  volleys  and  of  botulinum  toxin  on 
miniature  end-plate  potentials.  J.  Physiol.  (Lond.)  134:264-2"’  ’. 

Brooks,  C.L.  and  Gu,  W.  2006.  p53  Ubiquitination:  Mdm2  and  beyond  Mol.  Cell.  21:307-315. 

Bullens,  R.W.M.,  O’Hanlon,  G.M.,  Wagner,  E.,  Molenaar,  P.C.,  Furukawa,  K.,  Furukawa,  K„  Plomp,  J.J.,  and 
Willison,  H.J.  2002.  Complex  gangliosides  at  the  neuromuscular  junction  are  membrane  receptors  for 
auto-antibodies  and  botulinum  neurotoxin  but  redundant  for  normal  synaptic  function.  J.  Neurosci. 
22:6876-6884. 

Burgen,  A.S.V.,  Dickens,  F„  and  Zatman,  L.J.  1949.  The  action  of  botulinum  toxin  on  the  neuromuscular 
junction.  J.  Physiol.  (Lond.)  109:10-24. 

Burnett,  J.C.,  Schmidt,  J.J.,  Stafford,  R.G.,  Panchal,  R.G.,  Nguyen,  T.L.,  Hermone,  A.R.,  Vennerstrom,  J.L., 
McGrath,  C.F.,  Lane,  D.J.,  Sausville,  E.A.,  Zaharevitz,  D.W.,  Gussio,  R.,  and  Bavari,  S.  2003.  Novel 
small  molecule  inhibitors  of  botulinum  neurotoxin  A  metalloprotease  activity.  Biochem.  Biophys. 
Res.  Commun.  310:84-  93. 

Burnett,  J.C.,  Ruthel,  G.,  Stegmann,  C.M.,  Panchal,  R.G.,  Nguyen,  T.L.,  Hermone,  A.R.,  Stafford,  R.G.,  Lane, 
D.J.,  Kenny,  T.A.,  McGrath,  C.F.,  Wipf,  P.,  Stahl,  A.M.,  Schmidt,  J.J.,  Gussio,  R.,  Brunger,  A.T., 
and  Bavari,  S.  2007.  Inhibition  of  metalloprotease  botulinum  serotype  A  from  a  pseudo-peptide 
binding  mode  to  a  small  molecule  that  is  active  in  primary  neurons.  J.  Biol.  Chem.  282:5004-5014. 
Cardella,  M.A.,  Jemski,  J.V.,  Tonik,  E.J.,  and  Fiock,  M.A.  1963.  Resistance  of  guinea  pigs  immunized  with 
botulinum  toxoids  to  aero-genic  challenge  with  toxin.  Bact.  Proc.  Amer.  Soc.  Microbiol.  63.70. 
Chaddock,  J.A.  and  Marks,  P.M.  2006.  Clostridial  neurotoxins:  structure-function  led  design  of  new  thera¬ 
peutics.  Cell.  Mol.  Life  Sci.  63:540-551. 

Chaddock,  J.A.,  Duggan,  M.J.,  Quinn,  C.P.,  Puikiss,  J.R.,  Alexander,  F.C.G.,  Doward,  S„  Fooks,  S.J.,  Fms,  L„ 
Hall,  Y.,  Kirby,  E.R.,  Leeds,  N.J.,  Moulsdale,  H.J.,  Dickenson,  A.,  Green,  G.M.,  Rahman,  W.,  Suzuki,  R., 
Shone,  C.C.,  and  Foster,  K.A.  2004.  Retargeted  clostridial  endopeptidases:  inhibition  of  nociceptive  neuro¬ 
transmitter  release  in  vitro,  and  antinociceptive  activity  in  in  vivo  models  of  pain.  Mov.  Disord.  14:S42-S47. 
Chai,  Q.,  Arndt,  J.W.,  Dong,  M.,  Tepp,  W.H.,  Johnson,  E.A.,  Chapman,  E.R.,  and  Stevens,  R.C.  2006.  Structural 
’  basis  of  cell  surface  receptor  recognition  by  botulinum  neurotoxin  B.  Nature  444: 1090-1 100. 

Charles,  P.D.  2004.  Botulinum  neurotoxin  serotype  A:  a  clinical  update  on  non-cosmetic  uses.  Am.  J.  Health 
Syst.  Pliarm.  6LS11-S23. 

Chen,  S.  and  Barbieri,  J.T.  2006  Unique  substrate  recognition  by  botulinum  neurotoxins  serotypes  A  and  E. 
J.  Biol.  Chem.  281:10906-10911. 

Cherington,  M.  1998.  Clinical  spectrum  of  botulism.  Muscle  Nerve  21:701-710. 

Cherington,  M.  and  Schultz,  D.  1977.  Effect  of  guanidine,  germine  and  steroids  in  a  case  of  botulism. 
Clin.  Toxicol.  11:19-25. 

Chertow,  D.S.,  Tan,  E.T.,  Maslanka,  S„  Schulte,  J.,  Bresnitz,  E.A.,  Weisman,  R.S.,  Bernstein,  J.,  Marcus,  S.M., 
Kumar,  S.,  Malecki,  J.,  Sobel,  J.,  and  Braden,  C.R.  2006  Botulism  in  4  adults  following  cosmetic 
injections  with  an  unlicensed,  highly  concentrated  botulinum  preparation.  JAMA  296:2476-2479. 
Cohen,  F.L.,  Hardin,  S.B.,  Nehring,  W.,  Keough,  M.A.,  Laurenti,  S„  McNabb,  J.,  Platis,  C.,  and  Weber,  C. 
1988.  Physical  and  psychosocial  health  status  3  years  after  catastrophic  illness-botulism.  Issues  Ment. 
Health  Nurs.  9:387-398. 


416  Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 

Daniels-Holgate,  P.U.  and  Dolly,  J  O.  1996.  Productive  and  non-productive  binding  of  botu.imun  neurotoxin  A 
n  r  *  n  o  nen'CoCndm8s  ^  distinguished  by  its  heavy  chain.  J.  Neurosci.  Res.  44  263-271 
as  upta,  B.R.  and  Sugiyama,  H.  1972.  A  common  subunit  structure  in  Clostridium  botulinum  type  A  B  and 
E  toxins.  Biochenu  Biophys.  Res.  Commun.  48:108-112  P 

Davis  L  E„  Johnson  JK,  Bicknell,  J.M.,  Levy,  H„  and  McEvoy,  K.M.  1992.  Human  type  A  botulism  and 
treatment  with  3,4-diammopyndine.  Electromyogr.  Clin.  Neurophvsiol.  32-379-383 

teltnakd  h  °"h  ^  a"0'  ^  °f  botU,inum  "eurotoxin  is  active  in  mammalian  motor  nerve 

terminals  when  delivered  via  liposomes.  FEBS  Lett.  277:171-174 

Deshpande,  S.S  Sheridan,  R.E.,  and  Adler,  M.  1997.  Efficacy  of  certain  quinolines  as  pharmacological 
antagonists  in  botulinum  neurotoxin  poisoning.  Toxicon  35:433-445. 

Dickerson,  ^  and  Janda,  K.D.  2006  The  use  of  small  molecules  to  investigate  molecular  mechanisms 
1 -3^9-369  g  fOT  tment  °f  botu,inum  neurotoxin  A  intoxication.  ACS  Chem.  Biol. 

Dicfcson  E.C.  and  Shevky,  E.  1923.  Botulism.  Studies  on  the  manner  in  which  the  toxin  of  Clostridium 
38  327-346  UP°n  ^  *****'  ^  ^  Up0"  ‘he  voluntary  nervous  system.  J.  Exp.  Med. 

D°"y’ni?nrnB!!V'’  ^  and  MellinS’  J’  1984'  A“eptors  for  botulinum  neurotoxin  reside  on 

motor  nerve  terminals  and  mediate  its  internalization.  Nature  307:457-460 

D°n%nm’  D  A  ’  Go°dnouSh-  M  C  ’  TePP’  W  H-  Joh^on,  E.A.,  and  Chapman,  E.R 

1 62 ^  29 3- O 03  S m m S  U  med'ate  Cntry  °f  b0tulinum  neurotoxin  into  cells.  J.  Cell  Biol. 

Dong,  M„  Yeh  F .  Tepp,  W.H.,  Dean,  C„  Johnson,  E.A.,  Janz,  R„  and  Chapman,  E.R.  2006.  SV2  is  the  protein 
receptor  for  botulinum  neurotoxin  A.  Science  312:592-596.  P 

Drachman  D.B.  and  Johnston,  D.M.  1975.  Neurotrophic  regulation  of  dynamic  properties  of  skeletal  muscle: 

ettects  of  botulinum  toxin  and  denervation.  J.  Physiol.  (Lond.)  252-657-667 
Duchen  L.W  1971.  An  election  microscopic  study  of  the  changes  induced  by  botulinum  toxin  in  the  motor 
end-plates  of  slow  and  fast  skeletal  muscle  fibres  of  the  mouse.  J.  Neurol.  Sci.  14:47  -60. 

Dutton  J.J.  and  Fowler,  A.M.  2007.  Botulinum  toxin  in  ophthalmology.  Sun,.  Ophthalmol.  52:13-31 

83:495^01  ^  G'R  ^  Fuither  studies  on  the  action  of  botulinus  toxin.  JAMA, 

Eleopra,  R„  Tugnoli,  V.,  Rossetto,  0.,  De  Grandis,  D„  and  Montecucco,  C.  1998.  Different  time  courses  of 
Sr/ V256-  l'S'l  3P°1SOnmS  W,th  botuIinum  neurotoxin  serotypes  A  and  E  in  humans.  Neurosci. 

Eieofrra,  R„  Tugnoli,  V.,  Quatrale,  R„  Rosetto,  O.,  Montecucco,  C„  and  Dressier,  D.  2006.  Clinical  use  of  non- 

c  ,  b™T t0XlnS:  botulinum  toxin  ^  C  and  botulinum  toxin  type  F.  Neurotox.  Res.  9:127-131 
Eubanks,  L.M.,  Hixon,  M-S.  Jin,  W„  Hong,  S„  Clancy,  C.M.,  Tepp,  W.H.,  Baldwin,  M.R.,  Malizio,  C.J 
Goodnough,  M.C.,  Barbien,  J.T.,  Johnson,  E.A.,  Boger,  D.L.,  Dickerson,  T.J.,  and  Janda,  K  2007  An 
m  vitro  and  in  vivo  disconnect  uncovered  through  high-throughput  identification  of  botulinum  neurotoxin 
A  antagonists.  Proc.  Natl.  Acad.  Sci.  U.S.A.  104:2602-  2607. 

Fenicia,  L  Franciosa  G  Pourshaban.  M„  and  Aureli,  P.  1999.  Intestinal  toxemia  botulism  in  two  young 
people,  caused  by  Clostridium  butyricum  type  E.  Clin.  Infect.  Dis.  29:1381-1387. 

Femandez-Salas,  E  Steward,  L.E.,  Ho,  H„  Garay,  P.E.,  Sun,  S.W.,  Gilmore,  M.A.,  Ordas,  J.V  Wang  J 

Francis,  J.,  and  Aokr,  K.R.  2004.  Plasma  membrane  localization  signals  in  the  light  chain  of  botulinum 
neurotoxin.  Proc.  Natl.  Acad.  Sci.  U.S.A.  101:3208-3213 

M  A’,and  Gearinger’  NR  1963‘  Studies  on  immunity  ‘o  toxins  of  Clostridium 
botulinum  IX.  Immunologic  response  of  man  to  purified  pentavalent  ABCDE  botulinum  toxoid 
j.  immunol.  yU:o97— 702. 

Fisher  A.  and I  Mental,  M.  2006.  Characterization  of  Clostridial  botulinum  neurotoxin  channels  in  neuroblas¬ 
toma  cells.  Neurotox.  Res.  9:93-100. 

FOranDollv’  TohTnn3dpNi,1LiSk’  G’7’lNa!Waney’ S-’ Lawrence’ GW’ Johnson-  E->  Smith,  L„  Aoki,  R„  and 
Dolly,  J.O.  2003.  Evaluation  of  the  therapeutic  usefulness  of  botulinum  neurotoxin  B,  Cl  E  and  F 

compared  with  the  long  lasting  type  A.  J.  Biol.  Chem.  278:1363-1371. 

Foster  K.A.,  Adams,  E.J.,  Durose,  L„  Cruttwell,  C.J.,  Marks,  E„  Shone,  C.C.,  Chaddock,  J.A.,  Cox  CL 

Heaton,  C„  Sutton,  J.M  Wayne,  J.,  Alexander,  F.C.,  and  Rogers,  D.F.  2006.  Re-engineering  the  target 

specificity  of  Clostridial  neurotoxins— a  route  to  novel  therapeutics.  Neurotox.  Res  9-101-107 


Botulinum  Neurotoxin:  Mechanism  and  Countermeasures 


417 


Franz,  D.R.  1997.  Defense  against  toxin  weapons.  In  Textbook  of  Military  Medicine:  Medical  Aspects  of 
Chemical  and  Biological  Warfare,  Part  I,  eds.  R.  Zajtchuk,  and  R.F.  Bellamy,  603-619.  Washington, 
DC:  Borden  Institute. 

Franz,  D.R.,  Pitt,  L.M.,  Clayton,  M.A.,  Hanes,  M.A.,  and  Rose,  K.J.  1993.  Efficacy  of  prophylactic  and 
therapeutic  administration  of  antitoxin  for  inhalation  botulism.  In  Botulinum  and  Tetanus  Neurotoxoins 
and  Biomedical  Aspects ,  ed.  B.  Das  Gupta,  473—476.  New  York,  NY:Plenum  Press. 

Franz,  D.R.,  Jahrling,  P.B.,  Friedlander,  A.M.,  McClain,  D.J.,  Hoover,  D.L.,  and  Bryne,  W.R.  199?.  Clinical 
recognition  and  management  of  patients  exposed  to  biological  warfare  agents.  JAMA,  278.399-41 1. 

Fujihashi,  K„  Staats,  H.F.,  Kozaki,  S„  and  Pascual,  D.W.  2007.  Mucosal  vaccine  development  for  botulinum 
intoxication.  Expert  Rev.  Vaccines  6:34-45. 

Gelzleichter,  T.R.,  Myers,  M.A.,  Menton,  R.G.,  Niemuth,  N.A.,  Matthews,  M.C.,  and  Langford,  M.J.  1999. 
Protection  against  botulinum  toxins  provided  by  passive  immunization  with  botulinum  human  immune 
globulin:  evaluation  using  an  inhalation  model.  J.  Appl.  Toxicol.  19:S35-S38. 

Gill,  D.M.  1982.  Bacterial  toxins:  a  table  of  lethal  amounts.  Microbiol.  Rev.  46:86-94. 

Goldstein,  J.L.,  Anderson,  R.G.W.,  and  Brown,  M.S.  1979.  Coated  pits,  coated  vesicles,  and  receptor-mediated 
endocytosis.  Nature  279:679-685. 

Goodnough,  M.C.,  Oyler,  G„  Fishman,  P.S.,  Johnson,  E.A.,  Neale,  E.A.,  Keller,  J.E.,  Tepp,  W.H..  (  lark,  M„ 
Hartz,  S„  and  Adler,  M.  2002.  Development  of  a  delivery  vehicle  for  intracellular  transport  of  botulinum 
neurotoxin  antagonists.  FEBS  Lett.  513:163-168. 

Grace,  C.  2003.  Bioterrorism.  In  Medical  Management  of  Infectious  Disease,  ed.  C.  Grace,  821-853. 
New  York,  NY:Marcel  Dekker. 

Grumelli,  C.,  Verderio,  C„  Pozzi,  D.,  Rossetto,  0.,  Montecucco,  C.,  and  Matteoli,  M.  2005.  Internalization  and 
mechanism  of  action  of  clostridial  toxins  in  neurons.  Neurotoxicology  26:761-767. 

Gupta,  A.,  Sumner,  C.J.,  Castor,  M.,  Maslanka,  S.,  and  Sobel,  J.  2005.  Adult  botulism  F  in  the  United  States, 
1981-2002.  Neurology  65:1694-1700. 

Guyton,  A.C.  and  MacDonald,  M.A.  1947.  Physiology  of  botulinum  toxin.  Arch.  Neurol.  Psych.  57:578-592. 

Habermann,  E.  and  Dreyer,  F.  1986.  Clostridial  neurotoxins:  handling  and  action  at  the  cellular  and  molecular 
level.  Curr.  Top.  Microbiol.  Immunol.  129:93-179. 

Harvey,  S.M.,  Sturgeon,  J.,  and  Dassey,  D.E.  2002.  Botulism  due  to  Clostridium  baratii  type  F  toxin.  J.  Clin. 
Microbiol.  40:2260-2262. 

Hatakeyama,  S„  Watanabe,  M.,  Fujii,  Y„  and  Nakayama,  K.I.  2005.  Targeted  destruction  of  c-Myc  by 
an  engineered  ubiquitin  ligase  suppresses  cell  transformation  and  tumor  formation.  Cancer  Res. 
65:7874-7879. 

Hatheway,  C.L.  1988.  Botulism.  In  Laboratory  Diagnosis  of  Infectious  Diseases:  Principles  and  Practice,  eds. 
A  Balows,  W.J.  Hausler,  and  E.H.  Lennette,  111-133.  New  York,  NY:  Springer-Verlag. 

Hatheway,  C.L.,  Snyder,  J.D.,  Seals,  J.E.,  Edell,  T.A.,  and  Lewis,  Jr.,  G.E.  1984.  Antitoxin  levels  in  botulism 
patients  treated  with  trivalent  equine  botulism  antitoxin  to  toxin  types  A,  B,  and  E.  J.  Infect.  Dis. 
150:407-412. 

Hewlett,  R.T.  1929.  Bacillus  botulinus.  In  A  System  of  Bacteriology  in  Relation  to  Medicine,  vol  III,  ed. 
Medical  Research  Council,  373-406.  London:  H.R.  Stationery  Office. 

Hochstrasser,  M.  1996.  Ubiquitin-dependent  protein  degradation.  Annu.  Rev.  Genet.  30:405-439. 

Holzer,  V.E.  1962.  Botulismus  durch  inhalation.  Med.  Klin.  57:1735-1738. 

Hughes,  J.M.  and  Tacket,  C.O.  1983.  Sausage  poisoning  revisited.  Arch.  Intern.  Med.  143:425-427. 

Hughes,  R.  and  Whaler,  B.C.  1962.  Influence  of  nerve-ending  activity  and  of  drugs  on  the  rate  of  paralysis  of 
rat  diaphragm  preparations  by  Cl.  Botulinum  type  A  toxin.  J.  Physiol.  I Land .  i  160.221—233. 

Jankovic,  J.  and  Brin,  M.F.  1997.  Botulinum  toxin:  historical  perspective  and  potential  new  indications.  Muscle 
Nerve  6:S129-S145. 

Janz,  R.  and  Sudhof,  T.C.  1999.  SV2C  is  a  synaptic  vesicle  protein  with  an  unusually  restricted  localization: 
anatomy  of  a  synaptic  vesicle  protein  family.  Neuroscience  94:1279-1290. 

Jin,  R.,  Rummel,  A.,  Binz,  T„  and  Brunger,  A.T.  2006.  Botulinum  neurotoxin  B  recognizes  its  protein  receptor 
with  high  affinity  and  specificity.  Nature  444:1092  1095. 

Johnson,  E.A.  1999.  Clostridial  toxins  as  therapeutic  agents:  benefits  of  nature's  most  toxic  proteins.  Annu.  Rev. 
Microbiol.  53:551-575. 

Jongeneel,  C.V.,  Bouvier,  J.,  and  Bairoch,  A.  1989.  A  unique  signature  identifies  a  family  of  zinc-dependent 
metallopeptidases.  FEBS  Lett.  242:211-214. 


4I"  C'"Jmi'  al  Warfare  Asenls:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 

Turas'ndd,  CtT,  Lretfh  E,  Dang  Do,  A  N.,  and  Schengrand.  C.L.  2001.  Coirel.hon  of  cleavage  of  SNAP- 
“SLbS  °f  “"“O’11”  W«  A  Weed  paralysis.  Tor, con 

K,o.  I, ,»d  Price,  D.L.  1976.  Bolulinnn,  ,oxi„:  mechinisn,  of  presynnplic  block*.  Science 

!'p  20(t6MRT°T17  fr°m  botulinum  neurotoxin  poisoning  in  vivo.  Neuroscience  139  629-63- 
*  « 

p^"“  be*u.i~um  neerotoxi,,  action  oulrumd 

Kitamura  M.,  lakamiya,  K„  Aizawa,  S.,  Furukawa,  K„  and  Fumkawa,  K.  1999.  Gangliosides  are  the 
finding  substances  m  neural  cells  for  tetanus  and  botulinum  toxins  in  mice.  Biochim.  Biophys.  Acta 

KIein’22:6^75004'  C°ntraindicati°nS  and  ampliations  with  the  use  of  botulinum  toxin.  Clin.  Dermatol. 

KOhdhaTf  Of^e’heaw^h’  •*’  Tu  K  2°°7'  Differential  contribution  of  the  residues  in  C-terminal 

synaptoF  antin'^ CT4  h  °  T  T  “T  ****  ®  ‘°  itS  bi"ding  ‘°  the  ^'ioside  GTlb  and  the 
synaptotagmin  2/GTlb  complex.  Microb.  Pathog  42-72-79 

Koriazova,  L.K.  and 1  Mental  M.  2003.  Translocation  of  botulinum  neurotoxin  light  chain  protease  through  the 
heavy  chain  channel.  Nat.  Struct.  Biol.  10:13-18.  gn  me 

LaCy’  °  f  •’  Tepp>  w-’  Cohen;  A.C.,  DasGupta,  B.R.,  and  Stevens,  R.C.  1998.  Crystal  structure  of  botulinum 
neurotoxin  type  A  and  implications  for  toxicity.  Nat.  Struct.  Biol.  5-898-902 

W.  PrediC“°nS C“  — 

U  P”  ““  W* ' *  1 »  ™ 

Lohenry,  K.  and  Foulke,  K.  2006.  Botulism.  Rare  but  deadly  J,\APA  19-41-45 

I.undhJ..^„fe  s  „d  Thcslelf,  S.  1977.  Antngonisn,  of  ,he  pnralysi.  ponced  by  bondinnn,  10xi„  in  ,hc 
, .  '  .  f,  ts  of  tetraethylammonium,  guanidine  and  4-aminopyridine.  J.  Neurol  Sci  32  29-4  3 

MacKenzie,  L,  Bumstock,  G„  and  Dolly,  J.O.  1982.  The  effects  of  purified  botulinum  neurotoxin  Vpe  A  on 

NeuZSence ^7-im  ^  *a*b»"***  au“c  neuromuscular  transmission. 

Maksymowych  A.B.,  Reinhard,  M„  Malizio,  C.J.,  Goodnough,  M.C.,  Johnson,  E.A.,  and  Simpson,  L.L  1999 
Pure  botulinum  neurotoxin  is  absorbed  from  the  stomach  and  small  intestine  and  produces  peripheral 
neuromuscular  blockade.  Infect.  Immun.  67:4708-4712.  '  b 

Mann,  J.  1983.  Prolonged  recovery  from  type  A  botulism.  N.  Engl.  J.  Med.  309-1522-1523 

“  ”  P0“  h””'™™  — “  "“““on. 

M“^±^0mPS0"^  I?  '  Mi"rl-  CB '  Sch"“dt,  ,J~  “,d  P“S.  Yp-  2006.  Bis-inridazoles  is  moleculir 
^  of  nnc  endopeptid.se  of  bolulinun,  neurotoxin  serotype  A.  Bioorg.  tied. 

M“,HiDS»£ima  Epi“°'°8ie'  *“•  "d  *  —  Oetuiism. 

“  20°3'  B°““i,B'  W'  “  P“8  “  imonomic 

Meumer,  F.A.,  Lisk,  G  Sesardic,  G„  and  Dolly,  J.O.  2003.  Dynamics  of  motor  nerve  terminal  remodeling 

“"Vfo  d  g  SNARE-Cleaving  botulinum  toxins:  the  extent  and  duration  are  dictated  by  the  sites  of 
SNAP-25  truncation.  Mol.  Cell  Neurosci.  22:454—466. 

Middlebrook,  J.L.  and  Franz,  D.R.  1997.  Botulinum  toxins.  In  Textbook  of  Military  Medicine:  Medical  Aspects 

DC:  Bonder!  Z  JZt*  ^  ^  ''  3,111  RR  Be"am>’  643  '654-  Washington, 

M0l8°mlL;ndh'  “  ’  and  S-  198°-  Potency  of  3,4-diaminopyridine  and  4-aminopyridine  on 

mammalian  neuromuscular  transmission  and  the  effect  of  pH  changes.  Eur.  J.  Pharmacol  61  25-34 

™1-314  317  d°  tetanUS  “d  b0tUlinUm  t0XinS  bind  t0  neUr0naI  membranes?  Trends  Biochem. 


Botulinum  Neurotoxin:  Mechanism  and  Countermeasures 


419 


Montecucco,  C.  and  Schiavo,  G.  1993.  Tetanus  and  botulism  neurotoxins:  a  new  group  of  zinc  proteases. 
Trends  Biochem.  Sci.  18:324-327. 

Montecucco,  C„  Papini,  E.,  and  Schiavo,  G.  1994.  Bacterial  protein  toxins  penetrate  cells  via  a  four-step 
mechanism.  FEBS  Lett.  346:92-98. 

Moore,  G.J.,  Moore,  D.M.,  Roy,  S.S.,  Hayden,  L.J.,  Hamilton,  M.G.,  Chan,  N.W.C.,  and  Lee,  W.E.  2006. 
Hinge  peptide  combinatorial  libraries  for  inhibitors  of  botulinum  neurotoxins  and  saxitoxin.  deconvolu¬ 
tion  strategy.  Mol.  Divers.  10:9-16. 

Nagy,  G.,  Kim,  J.H.,  Pang,  Z.P.,  Matti,  U.,  Rettig,  J.,  Sudhof,  T.C.,  and  Sorensen,  J.B.  2006.  Different  effects 
on  fast  exocytosis  induced  by  synaptotagmin  1  and  2  isoforms  and  abundance  but  not  by  phosphoryl¬ 
ation.  J.  Neurosci.  26:632-643. 

Nishiki,  T„  Kamata,  Y.,  Nemoto,  Y.,  Omori,  A.,  Ito,  T.,  Takahashi,  M„  and  Kozaki,  S.  1994.  Identification  of 
protein  receptor  for  Clostridium  botulinum  type  B  neurotoxin  in  rat  brain  synaptosomes.  J.  Biol.  Chem. 
269:10498-10503. 

Nishiki,  T„  Tokuyama,  Y„  Kamata,  Y.,  Nemoto,  Y.,  Yoshida,  A.,  Sato,  K„  Sekiguchi,  M.,  Takahashi,  M„  and 
Kozaki,  S.  1996a.  The  high-affinity  binding  of  Clostridium  botulinum  type  B  neurotoxin  to  synaptotag¬ 
min  II  associated  with  gangliosides  GTlb/GDla.  FEBS  Lett.  378:253-257. 

Nishiki,  T.,  Tokuyama,  Y„  Kamata,  Y„  Nemoto,  Y.,  Yoshida,  A.,  Sekiguchi,  M.,  Takahashi.  M.,  and  Kozaki,  S. 
1996b.  Binding  of  botulinum  type  B  neurotoxin  to  Chinese  hamster  ovary  cells  transfected  with  rat 
synaptotagmin  II  cDNA.  Neurosci.  Lett.  208:105—108. 

O’Mahoney,  M.,  Mitchell,  E„  Gilbert,  R.J.,  Hutchinson,  D.N.,  Begg,  N.T.,  Rodhouse,  J.C.,  and  Morris,  J.E. 
1990.  An  outbreak  of  foodbome  botulism  associated  with  contaminated  hazelnut  yoghurt.  Epidemiol. 
Infect.  104:389-395. 

Oost,  T.,  Sukonpan,  C.,  Brewer,  M„  Goodnough,  M„  Tepp,  W.,  Johnson,  E.A.,  and  Rich,  D.H.  2003.  Design 
and  synthesis  of  substrate-based  inhibitors  of  botulinum  neurotoxin  type  B  metalloprotease.  Biopolymers 
71:602-619. 

O’Sullivan,  G.A.,  Mohammed,  N.,  Foran,  P.G.,  Lawrence,  G.W.,  and  Dolly,  J.O.  1999.  Rescue  of  exocytosis  in 
botulinum  toxin  A -poisoned  chromaffin  cells  by  expression  of  cleavage  resistant  SNAP- 25.  Identification 
of  the  minimal  essential  C-terminal  residues.  J.  Biol.  Chem.  274:36897-36904. 

Oyake,  D.,  Nishikawa,  H.,  Koizuka,  I.,  Fukuda,  M„  and  Ohta,  T.  2002.  Targeted  substrate  degradation  by  an 
engineered  double  RING  ubiquitin  ligase.  Biochem.  Biophys.  Res.  Commun.  295.370—375. 

Park,  J.B.  and  Simpson,  L.L.  2003.  Inhalational  poisoning  by  botulinum  toxin  and  inhalation  vaccination  with 
its  heavy-chain  component.  Infect.  Immun.  71:1147-1154. 

Park,  J.B.  and  Simpson,  L.L.  2004.  Progress  toward  development  of  an  inhalation  vaccine  against  botulinum 
toxin.  Expert  Rev.  Vaccines  3:477^487. 

Park,  J.G.,  Sill,  P.C.,  Makiyi,  E.F.,  Garcia-Sosa,  A.T.,  Millard,  C.B.,  Schmidt,  J.J.,  and  Pang,  Y.P.  2006. 
Serotype-selective,  small-molecule  inhibitors  of  the  zinc  endopeptidase  of  botulinum  neurotoxin  serotype 
A.  Bioorg.  Med.  Chem.  14:395-408. 

Penner,  R.  and  Dreyer,  F.  1986.  Two  different  presynaptic  calcium  currents  in  mouse  motor  nerve  terminals. 
Pflugers  Arch.  406:190--196. 

Pickett,  J.,  Berg,  B„  Chaplin,  E„  and  Brunstetter-Shafer,  M.A.  1976.  Syndrome  of  botulism  in  infancy:  clinical 
and  electrophysiologic  study,  N.  Engl.  J.  Med.  295:770-772. 

Razai,  A.,  Garcia-Rodriguez,  C.,  Lou,  J.,  Geren,  I.N.,  Forsyth,  C.M.,  Robles,  Y.,  Tsai,  R.,  Smith,  T.J.,  Smith,  L.A., 
Siegel,  R.W.,  Feldhaus,  M„  and  Marks,  J.D.  2005.  Molecular  evolution  of  antibody  affinity  for  sensitive 
detection  of  botulinum  neurotoxin  type  A.  J.  Mol.  Biol.  351:158-169. 

Robinson,  R.F.  and  Nahata,  M.C.  2003.  Management  of  botulism.  Ann.  Pharmacother.  37:127-131. 

Rossetto,  O.,  Deloye,  F„  Poulain,  B„  Pellizzari,  R.,  Schiavo,  G„  and  Montecucco,  C.  1995.  The  metallo¬ 
proteinase  activity  of  tetanus  and  botulinum  neurotoxins.  J.  Physiol.  (Paris)  89:43-50. 

Rossetto,  O.,  Morbiato,  L.,  Caccin,  P.,  Rigoni,  M.,  and  Montecucco,  C.  2006.  Presynaptic  enzymatic  neuro¬ 
toxins.  J.  Neurochem.  97:1534-1545. 

Rubinsztein,  D.C.  2006.  The  roles  of  intracellular  protein-degradation  pathways  in  neurodegeneration.  Nature 
443:780-  786. 

Rummel,  A.,  Kamath,  T.,  Henke,  T.,  Bigalke,  H.,  and  Binz,  T.  2004.  Synaptotagmins  I  and  II  act  as  nerve  cell 
receptors  for  botulinum  neurotoxin  G.  J.  Biol.  Chem.  279:30865-30870. 

Rummel,  A.,  Eichner,  T.,  Weil,  T„  Kamath,  T.,  Gutcaits,  A.,  Mahrhold,  S.,  Sandhoff,  K.,  Praia,  R.L., 
Acharya,  K.R.,  Bigalke,  H„  and  Binz,  T.  2007.  Identification  of  the  protein  receptor  binding  site  of 


420  Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 

^315n“m36n4eUr°tOXinS  B  3nd  °  pr0Ves  ^  double-receptor  concept.  Proc.  Natl.  Acad.  Sci.  U.S.A. 

Ruthman  J.C.,  Hendricksen,  D.K.,  and  Bonefeld,  R.  1985.  Emergency  department  presentation  of  type  A 
botulism.  Am.  J.  Emerg.  Med.  3:203-205.  v  OI  ypc  A 

Sakaguchi,  G.  1082.  Clostridium  botulinum  toxins.  Pharmacol.  Ther.  19:165-194. 

JSandrock.  C.R.  and  Murin,  S.  2001 .  Clinical  predictors  of  respirator  failure  and  long  term  outcome  in  black  tar 
heroin-associated  wound  botulism.  Chest  120:562-566. 

Sant°s  JJ.,  Swensen,  P„  and  Glasgow,  L.A.  1981.  Potentiation  of  Clostridium  botulinum  toxin  aminoglyco¬ 
side  antibiotics,  clinical  and  laboratory  observations.  Pediatrics  68:50-54. 

Schantz,  E.J.  and  Johnson^  E  A.  1997.  Botulinum  toxin:  the  story  of  its  development  for  the  treatment  of  human 
disease.  Perspect.  Biol.  Med.  40:3 17-327. 

Schiavo,  G„  Rossetto  O  Santucci,  A.,  DasGupta,  B.R.,  and  Motecucco,  C.  1992a.  Botulinum  neurotoxins  are 
zinc  proteins.  J.  Biol.  Chem.  267:23479-23483. 

SChiaV°:G;  B.enfenf  ’  F”,  P°ulain’,B'  et  a1'  1992b-  Tetanus  and  botulinum-B  neurotoxins  block  neurotrans¬ 
mitter  release  by  proteolytic  cleavage  of  synaptobrevin.  Nature  359-832-835 

Schiavo,  G„  Shone,  C.C.,  Rosetto,  0.,  Alexander,  F.C.,  and  Montecucco,  C.  1993.  Botulinum  neurotoxin  F  is  a 
zinc  endopeptidase  specific  for  V AMP/ synaptobrevin.  J.  Biol.  Chem.  268: 11516-11519 

Schiavo,  G  Malizio  C.  Trimble,  W.S.,  Polverino  de  Laureto,  P„  Milan,  G„  Sugiyama,  H„  Johnson,  E.A.,  and 
Montecucco  C.  1994  Botulinum  G  neurotoxin  cleaves  VAMP/synaptobrevin  at  a  single  Ala-Ala 
peptide  bond.  J.  Biol.  Chem.  269:20213-20216.  S 

SChiaV80:7G18-^T,,i’  M"  3,1(1  M0nteCUCC°’  C  200a  Neur°toxins  affecting  neuroexocytosis.  Physiol.  Rev. 

Schmidt,  J.J.  and  Stafford,  R.G.  2002.  A  high  affinity  competitive  inhibitor  of  type  A  botulinum  neurotoxin 
protease  activity.  FEBS  Lett.  532:423-426. 

Schmidt,  J.J.  and  Stafford,  R.G.  2005.  Botulinum  neurotoxin  serotype  F:  identification  of  substrate  recognition 

„  i,  r.eqU,'?montland  devel°Pment  of  lnhibitors  with  low  nanomolar  affinity.  Biochemistry  44:4067-4073 

Schmidt,  J.J.,  Stafford,  R.G.,  and  Bostian,  K.A.  1998.  Type  A  botulinum  neurotoxin  proteolytic  activity: 

evelopment  of  compeunve  inhibitors  and  implication  for  substrate  specificity  at  the  SI'  binding  site. 
rbtfb  Lett.  435:61-64. 

Schofield,  F.  1986.  Selective  primaiy  health  care:  strategies  for  control  of  disease  in  a  developing  world  XXII 
Tetanus:  a  preventable  problem.  Rev.  Infect.  Dis.  8:144-156. 

Shapiro,  R.E  Specht,  C.D.,  Collins,  B.E.,  Woods,  A.S.,  Cotter,  R.J.,  and  Schnaar,  R.L.  1997.  Identification  of 
rf1^S^d°ma,n  °f  tCtanUS  t0xin  using  a  novel  gang|ioside  photoaffinity  ligand.  J.  Biol. 

Shapiro,  R.L.  Hatheway,  C„  and  Swerdlow,  D.L.  1998.  Botulism  in  the  United  States:  a  clinical  and 
epidemiological  review.  Ann.  Intern.  Med.  129:221-228. 

Sharma,  S.K  and  Singh,  B.R.  1998.  Hemagglutinin  binding  mediated  protection  of  botulinum  neurotoxin  from 
proteolysis.  J.  Nat.  Toxins.  7:239-253. 

Sharma,  S.K..  Feireira.  J.L.,  Eblen,  B.S.,  and  Whiting.  R.C.  2006.  Detection  of  type  A,  B,  E.  and  F  Clostridium 
botulinum  neurotoxins  in  roods  by  using  an  amplified  enzyme-linked  immunosorbent  assay  with 
digoxigenin-labeled  antibodies.  Appl.  Environ.  Micorbiol.  72:1231-1248. 

Sheridan,  R.E.  1996.  Protonophore  antagonism  of  botulinum  toxin  in  mouse  muscle.  Toxicon  34  849-855 

Shendan,  R.E.  and  Deshpande,  S.S.  1995.  Interaction  between  heavy  metal  chelators  and  bottrlinum  neurotoxin 
at  the  neuromuscular  junction.  Toxicon  33:539-549. 

Shendan,  R.E.  and  Deshpande,  S.S.  1998.  Cytotoxicity  induced  by  intracellular  zinc  chelation  in  rat  cortical 
neurons.  In  vitro  Mol.  Toxicol.  11:161-169. 

Shendan  R.E.  and  Parris,  M.  2003.  Evaluation  of  toosendanin  as  a  botulinum  neurotoxin  antagonist 
Meeting  °f  aCti°n'  ^  ^  Interagency  Botulism  Research  Coordinating  Committee 

Shi,  Y.L.  and  Wang  Z.F.  2004.  Cure  of  experimental  botulism  and  antibotulismic  effect  of  toosendanin 
Acta  Pharmacol.  Sin.  25:839  848. 

Shoham,  D.  200a  Iraq’s  biological  warfare  agents:  a  comprehensive  analysis.  Curr.  Rev.  Microbiol.  263 : 1 79-204 

Simpson,  ,Lrf. ,  198  i .  The  ongin,  structure,  and  pharmacological  activity  of  botulinum  toxin.  Pharmacol.  Rev. 


Botulinum  Neurotoxin:  Mechanism  and  Countermeasures 


421 


Simpson,  L.L.  1982.  The  interaction  between  aminoquinolines  and  presynaptically  acting  neurotoxins. 
J.  Pharmacol.  Exp.  Ther.  222:43-48. 

Simpson,  L.L.  1983.  Ammonium  chloride  and  methylamine  hydrochloride  antagonize  clostridial  neurotoxins. 
J.  Pharmacol.  Exp.  Ther.  225:546-552. 

Simpson,  L.L.  1986.  A  preclinical  evaluation  of  aminopyridines  as  putative  therapeutic  agents  in  the  treatment 
of  botulism.  Infect.  Immun.  52:858  -862. 

Simpson,  L.L.  1988.  Use  of  pharmacologic  antagonists  to  deduce  commonalities  of  biologic  activity  among 
clostridial  neurotoxins.  J.  Pharmacol.  Exp.  Ther.  245:867-872. 

Simpson,  L.L.  2004.  Identification  of  the  major  steps  in  botulinum  toxin  action.  Annu.  Rev.  Pharmacol. 
Toxicol.  44:167-193. 

Simpson,  L.L.,  Coffield,  J.A.,  and  Bakry,  N.  1993.  Chelation  of  zinc  antagonizes  the  neuromuscular  blocking 
properties  of  the  seven  serotypes  of  botulinum  neurotoxin  as  well  as  tetanus  toxin.  J.  Pharmacol. 
Exp.  Ther.  267:720-727. 

Singh,  B.R.  2006.  Botulinum  neurotoxin  structure,  engineering,  and  novel  cellular  trafficking  and  targeting. 
Neurotox.  Res.  9:73-92. 

Singh,  B.R.,  Li,  B„  and  Read,  D.  1995.  Botulinum  versus  tetanus  neurotoxins:  why  is  botulinum  neurotoxin  but 
not  tetanus  neurotoxin  a  food  poison?  Toxicon  33:1541-1547. 

Smith,  L.D.S.  1978.  The  occurrence  of  Clostridium  botulinum  and  Clostridium  tetani  in  the  soil  of  the  United 
States.  Health  Lab.  Sci.  15:74-80. 

Smith,  L.D.S.  and  Sugiyama,  H.  1988.  Botulism:  The  Organism,  its  Toxins,  the  Disease,  2nd  edition. 
Springfield,  MO:  Charles  C.  Thomas  Publisher. 

Smith,  T.J.,  Lou,  J.,  Geren,  I.N.,  Forsyth,  C.M.,  Tsai,  R.,  Laporte,  S.L.,  Tepp,  W.H.,  Bradshaw,  M„  Johnson, 
E.A.,  Smith,  L.A.,  and  Marks,  J.D.  2005.  Sequence  variation  within  botulinum  neurotoxin  serotypes 
impacts  antibody  binding  and  neutralization.  Infect.  Immun.  73:5450-5457. 

Snydman,  D.R.  1989.  Foodbome  diseases.  In  Mechanism  of  Microbial  Diseases,  eds.  M.  Schaechter, 
G.  Medoff,  and  D.  Schaechter,  779-789.  Baltimore,  MD:  Williams  and  Wilkins. 

Sobel,  J.  2005.  Botulism.  Clin.  Infect.  Dis.  41:1167-1173. 

Sobel,  J.,  Tucker,  N„  Alana,  S„  McLaughlin,  J.,  and  Maslanka,  S.  2004.  Foodbome  botulism  in  the  United 
States,  1990  2000.  Emerg.  Infect.  Dis.  10:1606  1611. 

Souayah,  N.,  Karim,  H.,  Kamin,  S.S.,  McArdle,  J.,  and  Marcus,  S.  2006.  Severe  botulism  after  focal  injection 
of  botulinum  toxin.  Neurology  67:1855-1856. 

Stecher,  B.,  Weller,  U.,  Habermann,  E.,  Gratzl,  M„  and  Ahnert-Hilger,  G.  1989.  The  light  chain  but  not  the 
heavy  chain  of  botulinum  A  toxin  inhibits  exocytosis  from  permeabilized  adrenal  chromaffin  cell.  FEBS 
Lett.  255:391-394. 

Stinger,  S.C.,  Webb,  M.D.,  George,  S.M.,  Pin,  C.,  and  Peck,  M.W.  2005.  Heterogeneity  of  times  required  for 
germination  and  outgrowth  from  single  spores  of  nonproteolytic  Clostridium  botulinum.  Appl.  Environ. 
Microbiol.  71:4998-5003. 

Sugiyama,  H.  and  Mills,  D.C.  1978.  Intraintestinal  toxin  in  infant  mice  challenged  intragastrically  with 
Clostridium  botulinum  spores.  Infect.  Immun.  21:59  63. 

Sukonpan,  C.,  Oost,  T„  Goodnough,  M..  Tepp,  W.,  Johnson,  E.A.,  and  Rich,  D.H.  2004.  Synthesis  of 
substrates  and  inhibitors  of  botulinum  neurotoxin  type  A  metalloprotease.  J.  Pept.  Res.  63:181-193. 

Sutton,  R.B.,  Fasshauer,  D.,  Jahn,  R„  and  Brunger,  A.T.  1998.  Crystal  structure  of  a  SNARE  complex  involved 
in  a  synaptic  exocytosis  at  2.4  A  resolution.  Nature  395:347-353. 

Swaminathan,  S.  and  Eswaramoorthy,  S.  2000.  Structural  analysis  of  the  catalytic  and  binding  sites  of 
Clostridium  botulinum  neurotoxin  B.  Nat.  Struct.  Biol.  7:693  -699. 

Tacket,  C.O.,  Shandera,  W.X.,  Mann,  J.M.,  Hargrett,  N.T.,  and  Blake,  P.A.  1984.  Equine  antitoxin  use  and 
other  factors  that  predict  outcome  in  type  A  foodbome  botulism.  Am.  J.  Med.  76:794-798. 

Taysse,  L„  Davlon,  S„  Calvet,  J.,  Delamanche,  S.,  Hilaire,  D.,  Bellier,  B.,  and  Breton,  P.  2005.  Induction 
of  acute  lung  injury  after  intranasal  administration  of  toxin  botulinum  A  complex.  Toxicol.  Pathol. 
33:336-342. 

Thesleff,  S.  1989.  Botulinal  neurotoxins  as  tools  in  studies  of  synaptic  mechanisms.  Q.  J.  Exp.  Physiol. 
74:1003-1017. 

Thesleff,  S.,  Molgo,  J.,  and  Tagerud,  S.  1990.  Trophic  interrelations  at  the  neuromuscular  junction  as  revealed 
by  the  use  of  botulinum  neurotoxins.  J.  Physiol.  (Paris)  84:167-173. 


422 


Chemical  Warfare  Agents:  Chemistry,  Pharmacology,  Toxicology,  and  Therapeutics 


Tugnoli,  V.,  Eleopra,  R„  Monteccuco,  C„  and  DeGrandis,  D.  1997.  The  therapeutic  use  of  botulinum  toxin. 
Expert  Opin.  Investig.  Drugs  6:1383-1394. 

Ungchusak,  K.;  Chunsuttiwat,  S„  Braden,  C.R.,  Aldis,  W„  Ueno,  K„  Olsen,  S.J.,  and  Wiboolpolprasert,  S. 
2007.  The  need  for  global  planned  mobilization  of  essential  medicine:  lessons  from  a  massive  Thai 
botulism  outbreak.  Bull.  World  Health  Organ.  85:238-240. 

Vandelaer,  J„  Birmingham,  ML,  Gasse,  F„  Kurian,  M„  Shaw,  C„  and  Gamier,  S.  2003.  Tetanus  in 
developing  countries:  an  update  on  the  maternal  and  neonatal  tetanus  elimination  initiative  Vaccine 
21:3442-3445. 

Van  Heyningen,  W.E.  and  Miller,  P.A.  1961.  The  fixation  of  tetanus  toxin  by  ganglioside.  /.  Gen  Microbiol 
24:107-119. 

Weber,  J.T.,  Goodpasture,  H.C.,  Alexander,  H.,  Werner,  S.B.,  Hatheway,  C.L.,  and  Tauxe,  R.V.  1993.  Wound 
botulism  in  a  patient  with  a  tooth  abscess:  case  report  and  review.  Clin.  Infect.  Dis.  16:635-639. 

Wein,  L.M.  and  Liu,  Y.  2005.  Analyzing  a  bioterror  attack  on  the  food  supply:  the  case  of  botulinum  toxin  in 
milk.  Proc.  Natl.  Acad.  Sci.  U.S.A.  102:9984-9989. 

Wilcox,  P.G.,  Morrison,  N.J.,  and  Pardy,  R.L.  1990.  Recovery  of  the  ventilatory  and  upper  airway  muscles  and 
exercise  performance  after  type  A  botulism.  Chest  98:620-626. 

Williamson,  L.C.,  Halpem,  J.L.,  Montecucco,  C„  Brown,  J.E.,  and  Neale,  E.A.  1996.  Clostridial  neurotoxins 
and  substrate  proteolysis  in  intact  neurons:  botulinum  neurotoxin  C  acts  on  synaptosomal-associated 
protein  of  25  kDa.  J.  Biol.  Chem.  271:7694-7699. 

Yamasaki,  S.,  Baumeister,  A.,  Binz,  T„  Blasi,  J„  Link,  E„  Comille,  F„  Roques,  B„  Fykse,  E.M.,  Sudhof,  T.C., 
and  Jahn,  R.  1994.  Cleavage  of  members  of  the  synaptobrevin/VAMP  family  by  types  D  and  F  botulinal 
neurotoxins  and  tetanus  toxin.  J.  Biol.  Chem.  269:12764-12772. 

Yowler,  B.C.,  Kensinger,  R.D.,  and  Schengrund,  C.L.  2002.  Botulinum  neurotoxin  A  activity  is  dependent 
upon  the  presence  of  specific  gangliosides  in  neuroblastoma  cells  expressing  synaptotagmin  I.  J.  Biol 
Chem.  277:32815-32819. 

Zhou,  P.,  Bogacki,  R„  McReynolds,  L.,  and  Howley,  P.M.  2000.  Harnessing  the  ubiquitination  machinery  to 
target  the  degradation  of  specific  cellular  proteins.  Mol.  Cell  6:751-756. 


